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Abstract: The maize B chromosome is a non-essential chromosome with an accumulation mechanism.
The dispensable nature of the B chromosome facilitates many types of genetic studies in maize. Maize
lines with B chromosomes have been widely used in studies of centromere functions. Here, we
discuss the maize B chromosome alongside the latest progress of B centromere activities, including
centromere misdivision, inactivation, reactivation, and de novo centromere formation. The meiotic
features of the B centromere, related to mini-chromosomes and the control of the size of the maize
centromere, are also discussed.
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1. Introduction

The B chromosome is a non-essential chromosome that does not pair with the normal (A)
chromosomes during meiosis. B chromosomes are widespread in fungi, plants and animals species [1].
The maize B chromosome is the first B chromosome to be observed [2]. Subsequent cytological
observations in the pachytene stage of meiosis [3–5] defined the chromosome structure as including a
centromeric chromatin, four heterochromatic blocks (DH1–DH4) in the long arm, and two euchromatic
regions that are proximal and distal (diagram of the maize B chromosome in Figure 1a). The maize B
chromosome has been studied for several decades for cytology, genetics and sequence [6]. Maize lines
containing B chromosomes have been constructed and are widely used in the studies of maize genetics,
engineered mini-chromosomes, gene dosage, and centromere functions [7,8]. However, the key issues
on the origin, evolution and molecular mechanism of its accumulation in maize populations were
still largely unknown. In this review, we will focus on the recent progress of studies on the maize
B chromosome, with new insight into B centromere activities, including centromere misdivision,
inactivation, reactivation, and de novo centromere formation.
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Figure 1. The structure and organization of the maize B chromosome and its centromere. (a) Diagram 
of the maize B chromosome with centric heterochromatin, four heterochromatic blocks (DH1–DH4) 
in the long arm, and two euchromatic regions—one proximal and one distal. The red oval indicates 
the centric heterochromatin. The light-blue oval indicates the knob signals. The two arrows indicate 
the two potential regions that are essential for nondisjunction. (b) The distribution of CentC (green) 
and maize B centromere repeat sequence (B-repeat) (red) signals along the maize B chromosome. The 
white box indicates the B chromosome, and the insets show a higher magnification view of the B 
chromosome. 4′,6-diamidino-2-phenylindole (DAPI)-stained chromosomes are blue. Bar = 10 μm. 

2. The Structure and Organization of the Maize B Chromosome 

The maize B chromosome is not detrimental to plant development unless it is present at 
approximately 15 copies and more [9]. The study of the maize B chromosome’s sequence organization 
is fundamental in order to understand the origin and evolution of the B chromosome. All known 
retrotransposon DNA sequences from maize A chromosomes were found to be distributed on the B 
chromosome [10]. A collection of repeat DNA sequences from A centromeres including CentC, 
centromere retrotransposon sequence CRM, and CentA were also found to be widely distributed on 
the B chromosome and, interestingly, not only concentrated in the B centromere [11]. However, 
several maize B chromosomal specific DNA sequences were isolated. The first one was the maize B 
centromere repeat sequence (B-repeats or ZmBs) with a unit size over 1.0 kb [12]. The B-repeat has 
similarity with the Cent4 sequence, the pericentromeric sequence on maize chromosome 4 [13]. 
Recent work, using de novo assembly from RNA sequencing (RNA-seq) data sets of maize B73 and 
B chromosomes, also identified two B-chromosome-specific long terminal repeat (LTR) 
retrotransposons with only partial sequences homologous to the A genome [14]. The transcriptome 
analysis revealed the transcription of B chromosome genes, including one of the two B-chromosome-
specific LTRs. This analysis also showed that the transcription from A chromosome genes was 
affected by the presence of the B chromosome, as an increase of B chromosome numbers correlated 
with an increase of the effect [14], indicating that the B chromosome is not generally inert. The 
transcription of the B chromosome may occur in a condition-specific manner, like the nondisjunction 

Figure 1. The structure and organization of the maize B chromosome and its centromere. (a) Diagram
of the maize B chromosome with centric heterochromatin, four heterochromatic blocks (DH1–DH4) in
the long arm, and two euchromatic regions—one proximal and one distal. The red oval indicates the
centric heterochromatin. The light-blue oval indicates the knob signals. The two arrows indicate the
two potential regions that are essential for nondisjunction. (b) The distribution of CentC (green) and
maize B centromere repeat sequence (B-repeat) (red) signals along the maize B chromosome. The white
box indicates the B chromosome, and the insets show a higher magnification view of the B chromosome.
4′,6-diamidino-2-phenylindole (DAPI)-stained chromosomes are blue. Bar = 10 µm.

2. The Structure and Organization of the Maize B Chromosome

The maize B chromosome is not detrimental to plant development unless it is present at
approximately 15 copies and more [9]. The study of the maize B chromosome’s sequence organization
is fundamental in order to understand the origin and evolution of the B chromosome. All known
retrotransposon DNA sequences from maize A chromosomes were found to be distributed on the
B chromosome [10]. A collection of repeat DNA sequences from A centromeres including CentC,
centromere retrotransposon sequence CRM, and CentA were also found to be widely distributed
on the B chromosome and, interestingly, not only concentrated in the B centromere [11]. However,
several maize B chromosomal specific DNA sequences were isolated. The first one was the maize
B centromere repeat sequence (B-repeats or ZmBs) with a unit size over 1.0 kb [12]. The B-repeat
has similarity with the Cent4 sequence, the pericentromeric sequence on maize chromosome 4 [13].
Recent work, using de novo assembly from RNA sequencing (RNA-seq) data sets of maize B73 and B
chromosomes, also identified two B-chromosome-specific long terminal repeat (LTR) retrotransposons
with only partial sequences homologous to the A genome [14]. The transcriptome analysis revealed
the transcription of B chromosome genes, including one of the two B-chromosome-specific LTRs.
This analysis also showed that the transcription from A chromosome genes was affected by the
presence of the B chromosome, as an increase of B chromosome numbers correlated with an increase
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of the effect [14], indicating that the B chromosome is not generally inert. The transcription of
the B chromosome may occur in a condition-specific manner, like the nondisjunction property
discussed below. Many sequence variations, including single nucleotide polymorphisms (SNPs)
and insertions/deletions (Indels), were accumulated in the B-located gene fragments, compared with
their A chromosome counterparts [14].

3. The Composition of the Maize B Centromere and Its Misdivision

The centromere mediates the assembly of the kinetochore, which is essential for faithful
chromosome segregation during cell division [15]. Centromere identity, in most species, is determined
by the presence of the histone H3 variant CENH3 [16,17]. The epigenetic mechanism for centromere
specification also includes the phosphorylation of histone H2AThr133 in plants [18]. The DNA
components of maize A chromosome centromeres mainly consist of two types of DNA sequences, as do
most species, being the 156-bp tandem repeat CentC and CRM [8,19]. The isolated B-specific repeat
sequences were confirmed to be scattered throughout, and around, the B centromere, and numerous
copies had high variation. CentC and CRM sequences were embedded within the multimegabases of
B-repeat in the B centromere (Figure 1b). The colocalization of the sequences with CENH3 labeling
indicated they confer for centromere function, but only small portions of B-repeats were occupied by
CENH3 [11,20]. In addition, the B-repeat, CentC, and CRM sequences were also located in many other
distinct regions of the B chromosome (Figure 1b). Both of these results indicate that the DNA sequence
alone cannot determine centromere function. What distinguishes the binding, or not, with CENH3 for
the same DNA sequence is still unknown.

Misdivision is the process of improper division of a univalent chromosome centromere during
meiosis, resulting in isochromosome, telocentric and/or ring chromosomes [21]. A B–A translocation
line TB-9Sb that involved a B chromosome and the short arm of chromosome 9 with several
phenotypic markers was extensively used [22,23]. Misdivisions of the centromere of this translocation
chromosome [24,25] produced a series of B centromere variant lines, which is a good model for
the study of centromere function (Figure 2a). A series of telocentric chromosomes with different
sized B centromeres were used to study the B centromere. The mapping of the B centromere, using
Fiber-fluorescent in situ hybridization (FISH) with five B centromere misdivision derivatives, showed
a 700 kb core centromere region with B-repeat, CentC, and CRM retrotransposon [20]. The transposon
display with CRM2, using these misdivision lines, also generated a map of the B centromere core
with 33 markers that directly interacted with CENH3. These efforts to accumulate the complete B
centromere map will provide an opportunity to precisely record the process of centromere misdivision
events, and to further understand the molecular basis of centromere function.
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variants formed, including telocentric chromosomes, ring chromosomes, and isochromosomes. (b) The
TB-9Sb-Dp9 chromosome underwent intrachromosomal recombination during meiosis I, and an
acentric fragment and a dicentric bridge formed during meiosis II. Centromere inactivation of the
dicentric chromosome occurred from the nondisjunction, breakage-fusion-bridge (B-F-B) cycle, and
the misdivision process. (c) A large-small dicentric chromosome underwent intrachromosomal
recombination. Centromere reactivation occurred on the previously inactive small sister chromatids.
(d) De novo centromere formation occurred in the ectopic genomic region from the reactivation of a
dicentric chromosome (d1) or TB-9Sb centromere misdivision (d2) process. Inactivation occurred at
the original active de novo centromere position, and a subsequent de novo formation was formed in
another chromosomal region (d3).

4. B Chromosome Nondisjunction

The accumulation mechanism of the B chromosome works to maintain it in populations. It consists
of nondisjunction at the second pollen mitosis followed by preferential fertilization of the egg by the
B chromosome that contains sperm [26,27]. Genetic studies have proven that the B centromere
adjacent heterochromatin, and at least two other regions that are located in the very distal tip and
proximal euchromatin, are essential for this process [4,6,28,29], as nondisjunction does not occur in
the centromere when these regions are removed. The target site for nondisjunction may be located in
B-repeat sequences, as CentC and CRM repeats are also located in A centromeres but nondisjunction
does not occur for A chromosomes [5]. When an inactive B centromere was crossed with a whole
B chromosome, the translocated chromosome, with the inactive B centromere attached to the short
arm of chromosome 9, regained the property of nondisjunction, indicating that centromere function
and B chromosome nondisjunction are two independent processes [30]. These two sites may generate
transcripts or protein factors that act in trans on the B-repeat for the nondisjunction.

5. Centromere Inactivation, Reactivation and De Novo Centromere Formation

The chromosome type breakage-fusion-bridge (B-F-B) cycle was initiated by the fusion of two
terminal deletion chromosomes, and resulted in a dicentric chromosome, which formed a bridge during
anaphase that in turn would break to repeat the cycle. Translocation chromosomes between A and
B chromosomes can undergo continuous centromere misdivision, nondisjunction, and chromosome
type B-F-B cycles during cell divisions, resulting in a large number of centromere variant lines.
A high frequency of centromere inactivation, generating stable maize dicentric chromosomes,
was reported [31]. To produce the dicentrices, the TB-9Sb-Dp9 chromosome was constructed
by recombining a duplicated chromosome 9 to the B–9 chromosome [32]. Intrachromosomal
recombination can occur in the duplication of the 9S chromosome. Dicentric chromosomes with two
B-repeat regions and one acentric fragment were observed during meiosis II. Only the chromosomes
with one active and one inactive centromere could be stably transmitted to the next generation
(Figure 2b). An inactive B centromere translocated to the tip of the short arm of chromosome 9 remained
in the inactive state, without CENH3 labeling, over several generations [31]. The same DNA sequence
in the dicentromeres provides additional evidence that DNA sequence is not the determinant for
centromere function.

From a different perspective, a large-small dicentric chromosome was produced by crossing the
TB-9Sb-Dp9 to T3-5 (+) with a truncated B centromere from a TB-9Sb misdivision line [33]. The large
and small centromeres were in an active state. The foldback structure allowed recombination between
the two chromosomes during meiosis and generated structures with two large centromeres and
two small centromeres joined together. When the two centromeres were joined together in a stable
chromosome that was inherited, the smaller centromere was inactive.

When this chromosome with a large active centromere and a small inactive centromere was
studied, the foldback nature allowed the large and small centromeres to be separated from each
other by recombination. They could be separated in meiosis I, and the two small-inactive centromere
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structures could be detected in the progeny, indicating that the centromere was reactivated at the
original inactive centromere (Figure 2c). The CENH3 protein was indeed detected binding with one of
the formerly inactive centromere regions. The reactivation process of the inactive centromere suggests
that the centromere DNA-repeat sequences display a preference for kinetochore assembly, or other
CENH3 chaperone factors such as the human holiday junction recognition protein (HJURP) in humans,
the chromosome alignment defect 1 protein (CAL1) in Drosophila, or the suppressor of chromosome
missegregation protein 3 (SCM3) in yeast [34].

A different process can be adopted for the transmission of this chromosome with two small
inactive centromeres. De novo centromere formation in an ectopic region can regain centromere
function instead of centromere activation, as has been reported in many other systems [35–37]. sDic15
is a dicentric chromosome that is generated from the process mentioned above, which includes
intrachromosomal recombination and centromere reactivation (Figure 2 (d1)) [38]. No detectable
CentC signals, and strongly reduced CRM and B-repeat signals, were observed in the centromere of the
sDic15 mini-chromosome [38]. A 723 kb genomic region from chromosome 9 confers neocentromere
function [38]. The misdivision of the chromosomes created breaks in the B centromeric region and
produced many new centromere variants. The B centromere sequences were deleted but some B-repeat
copies were still remaining in the 3–3 derivative. De novo centromere formation was detected in the
3–3 derivative with a 288 kb genomic region from chromosome 9 (Figure 2 (d2)). In a subsequent
misdivision derivative of 3–3, a new centromere variant, without the previously formed neocentromere
sequences, was detected; and other genomic regions, including an additional 200 kb of DNA sequences
in chromosome 9, became the de novo centromere in derivative 3–3–11 (Figure 2 (d3)). These two
neocentromeres were both misdivision derivatives of TB-9Sb, but with different centromere sequences.
Centromere breakage and the B-F-B cycle process can both generate de novo centromeres.

The behavior of the maize B centromere, which includes centromere inactivation, reactivation
and de novo centromere formation, reveals an epigenetic mechanism for centromere specification [39].
However, the molecular basis for these processes is still largely unknown. We have checked the DNA
methylation state of the active and inactive B centromeres, and found that distinct DNA methylation
patterns, between them, occur with a hypermethylation state in the inactive centromere [40].
The epigenetic difference is more likely to result after the formation of a stable chromosome state.
Distinct DNA methylation patterns were also discovered in the satellite DNA sequences, between
the pericentromere and centromere, in maize and Arabidopsis thaliana [41]. The comparison of DNA
methylation in the ectopic region before and after de novo centromere formation showed a similar
methylation level in this region, compared to normal centromeres, whether the original methylation
level was high or low [38,42]. This indicates that there was maintenance of the centromere chromatin by
an epigenetic mechanism. However, further work is needed on the detailed mechanism that establishes
the centromeric chromatin, and on how centromere function is regained, as a de novo centromere or as
a reactivation, at the original inactivation sites. Recently, the transcription and/or the transcripts from
centromeric regions have been reported in many model systems, including maize [43–47]. They are
involved in CENH3 loading, kinetochore assembly, and cell-cycle progression [48–50]. It may provide
another aspect of the molecular basis of the transmission of different centromere chromatin states.

6. Meiotic Behavior of the Maize B Derivative Chromosome

Meiosis is a special cell division process that reduces chromosome numbers by half in the
daughter cells. The centromere has an important role in meiosis I, homologous chromosome
pairing, and segregation [51,52]. The orientation of sister chromatids is a key point for the process,
especially the mono-orientation of the sister chromatids toward the same spindle pole in meiosis
I [53]. The misdivision derivatives of TB-9Sb produce a series of B centromere deletion lines [54].
They provide a good model to study the meiotic behavior of centromeres with different sizes.
Iwata-Otsubo et al. found that the CENP-A chromatin expansion, induced by the amplified centromere
repeats, promoted increased transmission through the female germline in a model using mice [55].
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We recently reported the observation of the combination of chromosomes with different sized B
centromeres, during meiosis, in maize [56]. Only slightly higher frequencies, of a few percent,
were observed for the larger centromere in several cases. However, the size of the centromeric
DNA was not necessarily correlated with the signals of phH2AThr133 [56], suggesting the regulation
of the functional size of the centromere.

A number of mini-chromosomes were derived from the chromosome type B-F-B cycle of the
TB-9Sb-Dp9 chromosome [31]. They ranged in both chromosome size and in the orientation of the sister
chromatids during meiosis I [57]. The mini-chromosome derivatives 3–3 and sDic15 were generated
from the maize B chromosome, through misdivision or intrachromosomal recombination, and de
novo centromere formation was reported in these mini-chromosomes [38,58]. The mini-chromosomes
#11 and sDic15 displayed mono-orientation in anaphase I, as the normal A chromosomes behaved
mono-orientation in this stage. However, the mini-chromosome #3, #9, and derivative 3–3 showed
bi-orientation, and their sister chromatids separated in anaphase I [38,57,58]. The distribution of
B-repeat signals in two cells in telophase I indicated that the sister chromatids of the mini-chromosome
#9 previously separated in anaphase I (Figure 3). What the differences are between the centromeres
of the normal A chromosome and the different types of mini-chromosomes, and how they are
distinguished for the molecular machinery of chromosome orientation, remain interesting questions.
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Figure 3. Labeling of phH2AThr133 in maize B mini-chromosome #9. The distribution of phH2AThr133
signals at telophase I stage of meiosis for maize B mini-chromosome #9. DAPI-stained chromosomes
are blue, phH2AThr133 are red, and B-repeats are green. Bar = 10 µm. The B-repeat signals distributed
in two cells in telophase I indicate that the sister chromatids of this mini-chromosome previously
separated in anaphase I.

All these mini-chromosomes contain functional centromeres with CENH3, phH2AThr133,
phH3T3, and phH3Ser10 loading in mitotic cells [38,57–59]. The spindle assembly checkpoint
kinase, ZmBub1, was detected in the mini-chromosome centromeres as normal A centromeres [60].
We speculate that the phosphorylation of histone H2AThr133 occurs during meiosis for these
mini-chromosomes. The signal of phH2AThr133 loaded well in the mini-chromosome #9 (Figure 3),
but no differences in phosphorylation levels were found in anaphase I during meiosis between the
mini-chromosome #9, with mono-orientation or bi-orientation, and the normal A chromosomes [60].
The mechanical basis of the equational division of these mini-chromosomes may provide clues for the
mechanism of chromosome orientation at meiosis I.

7. The Control of the Maize B Centromere Size

The canonical centromere size in any one species seems to assume a certain size, which is strongly
correlated with genome size rather than the chromosome size [61]. The mean centromere size in
rice is about several hundred kilobases, while the size of the maize centromere is about several
megabases [8,62]. The centromere size is determined by the equilibrium between bound and unbound
CENH3 proteins, which is regulated by genetic and epigenetic factors [63]. The maize centromere sizes
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expand to adjust to the oat background, in which the oat genome size is about 4-fold larger than the
maize genome size [64]. The transcription of genes, and the corresponding epigenetic modifications,
may restrict the centromere size [64,65].

The genome size will certainly be changed as one intact B chromosome is about the size of maize
chromosome 10. However, accumulation of B chromosome does not change cell size as does ploidy.
The maize B chromosome has been used to produce many lines with different sized centromeres.
The CENH3-bound B centromeres may be not with expansion in the maize background even with
high copy numbers of B chromosome. The smallest centromere size, resulting from misdivision, was
only several hundred kilobase [66]. The small sized centromeres in maize B mini-chromosomes can be
used to study the minimal DNA component required to assemble kinetochore. In addition, de novo
centromeres from the misdivision lines were detected with centromeres ranging in size, and up to
several hundred kilobases [58]. The centromeres of the mini-chromosomes are much smaller than the
canonical maize centromere. However, the maize B centromere may expand when the B chromosome
is introduced to the oat background as the oat-maize additional line.

8. Concluding Remarks and Future Perspectives

The establishment and maintenance of the centromere chromatin is an interesting topic in
chromosome biology. The molecular underpinnings of the transitions among the different chromatin
states of the maize B chromosome centromere, including activation, inactivation and de novo
centromere formation, is of great interest and is a good model to study. These processes may be
involved in the coordination of complex epigenetic machineries that include DNA methylation,
histone modification, chaperones, chromatin remodeling, and noncoding RNAs. Further work with
the B centromere on these aspects will be carried out with the aid of maize B chromosome genome
sequencing and the fruitful B centromere variants.

Funding: Research on this topic was supported by the National Natural Science Foundation of China (31630049
and 31320103912) and the National Science Foundation (NSF) grant IOS-1444514.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Jones, N. B chromosomes in plants: Escapees from the a chromosome genome? Trends Plant Sci. 2003, 8,
417–423. [CrossRef]

2. Longley, A.E. Supernumerary chromosomes in Zea mays. J. Agric. Res. 1927, 35, 769–784.
3. McClintock, B. The association of non-homologous parts of chromosomes in the mid-prophase of meiosis in

Zea mays. Z. Zellforsch. Mikrosk. Anat. 1933, 19, 191–237. [CrossRef]
4. Ward, E.J. The heterochromatic B chromosome of maize: The segments affecting recombination. Chromosoma

1973, 43, 177–186. [CrossRef]
5. Pryor, A.; Faulkner, K.; Rhoades, M.M.; Peacock, W.J. Asynchronous replication of heterochromatin in maize.

Proc. Natl. Acad. Sci. USA 1980, 77, 6705–6709. [CrossRef] [PubMed]
6. Carlson, W. The B chromosome of maize. In Handbook of Maize: Genetics and Genomics; Bennetzen, J.L.,

Hake, S., Eds.; Springer: New York, NY, USA, 2009; pp. 459–480.
7. Nannas, N.J.; Dawe, R.K. Genetic and genomic toolbox of Zea mays. Genetics 2015, 199, 655–669. [CrossRef]

[PubMed]
8. Wolfgruber, T.K.; Sharma, A.; Schneider, K.L.; Albert, P.S.; Koo, D.H.; Shi, J.; Gao, Z.; Han, F.; Lee, H.; Xu, R.;

et al. Maize centromere structure and evolution: Sequence analysis of centromeres 2 and 5 reveals dynamic
loci shaped primarily by retrotransposons. PLoS Genet. 2009, 5, e1000743. [CrossRef] [PubMed]

9. Randolph, L.F. Genetic characteristics of the B chromosomes in maize. Genetics 1941, 26, 608–631. [PubMed]
10. Theuri, J.; Phelps-Durr, T.; Mathews, S.; Birchler, J. A comparative study of retrotransposons in the

centromeric regions of A and B chromosomes of maize. Cytogenet. Genome Res. 2005, 110, 203–208. [CrossRef]
[PubMed]

http://dx.doi.org/10.1016/S1360-1385(03)00187-0
http://dx.doi.org/10.1007/BF02462870
http://dx.doi.org/10.1007/BF00483377
http://dx.doi.org/10.1073/pnas.77.11.6705
http://www.ncbi.nlm.nih.gov/pubmed/16592919
http://dx.doi.org/10.1534/genetics.114.165183
http://www.ncbi.nlm.nih.gov/pubmed/25740912
http://dx.doi.org/10.1371/journal.pgen.1000743
http://www.ncbi.nlm.nih.gov/pubmed/19956743
http://www.ncbi.nlm.nih.gov/pubmed/17247025
http://dx.doi.org/10.1159/000084953
http://www.ncbi.nlm.nih.gov/pubmed/16093673


Genes 2018, 9, 476 8 of 10

11. Lamb, J.C.; Kato, A.; Birchler, J.A. Sequences associated with A chromosome centromeres are present
throughout the maize B chromosome. Chromosoma 2005, 113, 337–349. [CrossRef] [PubMed]

12. Alfenito, M.R.; Birchler, J.A. Molecular characterization of a maize B chromosome centric sequence. Genetics
1993, 135, 589–597. [PubMed]

13. Page, B.T.; Wanous, M.K.; Birchler, J.A. Characterization of a maize chromosome 4 centromeric sequence:
Evidence for an evolutionary relationship with the B chromosome centromere. Genetics 2001, 159, 291–302.
[PubMed]

14. Huang, W.; Du, Y.; Zhao, X.; Jin, W. B chromosome contains active genes and impacts the transcription of A
chromosomes in maize (Zea mays L.). BMC Plant Biol. 2016, 16, 88. [CrossRef] [PubMed]

15. Kursel, L.E.; Malik, H.S. Centromeres. Curr. Biol. 2016, 26, R487–R490. [CrossRef] [PubMed]
16. Niikura, Y.; Kitagawa, R.; Kitagawa, K. The inheritance of centromere identity. Mol. Cell. Oncol. 2016, 3,

e1188226. [CrossRef] [PubMed]
17. Fukagawa, T.; Earnshaw, W.C. The centromere: Chromatin foundation for the kinetochore machinery.

Dev. Cell 2014, 30, 496–508. [CrossRef] [PubMed]
18. Dong, Q.; Han, F. Phosphorylation of histone H2A is associated with centromere function and maintenance

in meiosis. Plant J. 2012, 71, 800–809. [CrossRef] [PubMed]
19. Comai, L.; Maheshwari, S.; Marimuthu, M.P.A. Plant centromeres. Curr. Opin. Plant Biol. 2017, 36, 158–167.

[CrossRef] [PubMed]
20. Jin, W.; Lamb, J.C.; Vega, J.M.; Dawe, R.K.; Birchler, J.A.; Jiang, J. Molecular and functional dissection of the

maize B chromosome centromere. Plant Cell 2005, 17, 1412–1423. [CrossRef] [PubMed]
21. Birchler, J.A.; Han, F. Barbara McClintock’s unsolved chromosomal mysteries: Parallels to common

rearrangements and karyotype evolution. Plant Cell 2018, 30, 771–779. [CrossRef] [PubMed]
22. Robertson, D.S. Crossing over and chromosomal segregation involving the B9 element of the a-B translocation

B-9b in maize. Genetics 1967, 55, 433–449. [PubMed]
23. Carlson, W.R. Nondisjunction and isochromosome formation in the B chromosome of maize. Chromosoma

1970, 30, 356–365. [CrossRef]
24. McClintock, B. The behavior in successive nuclear divisions of a chromosome broken at meiosis. Proc. Natl.

Acad. Sci. USA 1939, 25, 405–416. [CrossRef] [PubMed]
25. McClintock, B. The stability of broken ends of chromosomes in Zea mays. Genetics 1941, 26, 234–282. [PubMed]
26. Roman, H. Mitotic nondisjunction in the case of interchanges involving the B-type chromosome in maize.

Genetics 1947, 32, 391–409. [PubMed]
27. Roman, H. Directed fertilization in maize. Proc. Natl. Acad. Sci. USA 1948, 34, 36–42. [CrossRef] [PubMed]
28. Carlson, W.R. A procedure for localizing genetic factors controlling mitotic nondisjunction in the B

chromosome of maize. Chromosoma 1973, 42, 127–136. [CrossRef]
29. Lin, B.Y. Regional control of nondisjunction of the B chromosome in maize. Genetics 1978, 90, 627.
30. Han, F.; Lamb, J.C.; Yu, W.; Gao, Z.; Birchler, J.A. Centromere function and nondisjunction are independent

components of the maize B chromosome accumulation mechanism. Plant Cell 2007, 19, 524–533. [CrossRef]
[PubMed]

31. Han, F.; Lamb, J.C.; Birchler, J.A. High frequency of centromere inactivation resulting in stable dicentric
chromosomes of maize. Proc. Natl. Acad. Sci. USA 2006, 103, 3238–3243. [CrossRef] [PubMed]

32. Zheng, Y.Z.; Roseman, R.R.; Carlson, W.R. Time course study of the chromosome-type breakage-fusion-bridge
cycle in maize. Genetics 1999, 153, 1435–1444. [PubMed]

33. Han, F.; Gao, Z.; Birchler, J.A. Reactivation of an inactive centromere reveals epigenetic and structural
components for centromere specification in maize. Plant Cell 2009, 21, 1929–1939. [CrossRef] [PubMed]

34. Rosin, L.F.; Mellone, B.G. Centromeres drive a hard bargain. Trends Genet. 2017, 33, 101–117. [CrossRef]
[PubMed]

35. Fukagawa, T.; Earnshaw, W.C. Neocentromeres. Curr. Biol. 2014, 24, R946–R947. [CrossRef] [PubMed]
36. Sullivan, L.L.; Maloney, K.A.; Towers, A.J.; Gregory, S.G.; Sullivan, B.A. Human centromere repositioning

within euchromatin after partial chromosome deletion. Chromosome Res. 2016, 24, 451–466. [CrossRef]
[PubMed]

37. Shang, W.H.; Hori, T.; Martins, N.M.; Toyoda, A.; Misu, S.; Monma, N.; Hiratani, I.; Maeshima, K.; Ikeo, K.;
Fujiyama, A.; et al. Chromosome engineering allows the efficient isolation of vertebrate neocentromeres.
Dev. Cell 2013, 24, 635–648. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s00412-004-0319-z
http://www.ncbi.nlm.nih.gov/pubmed/15586285
http://www.ncbi.nlm.nih.gov/pubmed/8244015
http://www.ncbi.nlm.nih.gov/pubmed/11560905
http://dx.doi.org/10.1186/s12870-016-0775-7
http://www.ncbi.nlm.nih.gov/pubmed/27083560
http://dx.doi.org/10.1016/j.cub.2016.05.031
http://www.ncbi.nlm.nih.gov/pubmed/27326706
http://dx.doi.org/10.1080/23723556.2016.1188226
http://www.ncbi.nlm.nih.gov/pubmed/27652331
http://dx.doi.org/10.1016/j.devcel.2014.08.016
http://www.ncbi.nlm.nih.gov/pubmed/25203206
http://dx.doi.org/10.1111/j.1365-313X.2012.05029.x
http://www.ncbi.nlm.nih.gov/pubmed/22519817
http://dx.doi.org/10.1016/j.pbi.2017.03.003
http://www.ncbi.nlm.nih.gov/pubmed/28411416
http://dx.doi.org/10.1105/tpc.104.030643
http://www.ncbi.nlm.nih.gov/pubmed/15805482
http://dx.doi.org/10.1105/tpc.17.00989
http://www.ncbi.nlm.nih.gov/pubmed/29545470
http://www.ncbi.nlm.nih.gov/pubmed/17248377
http://dx.doi.org/10.1007/BF00321067
http://dx.doi.org/10.1073/pnas.25.8.405
http://www.ncbi.nlm.nih.gov/pubmed/16577924
http://www.ncbi.nlm.nih.gov/pubmed/17247004
http://www.ncbi.nlm.nih.gov/pubmed/17247252
http://dx.doi.org/10.1073/pnas.34.2.36
http://www.ncbi.nlm.nih.gov/pubmed/16588783
http://dx.doi.org/10.1007/BF00320935
http://dx.doi.org/10.1105/tpc.106.049577
http://www.ncbi.nlm.nih.gov/pubmed/17322406
http://dx.doi.org/10.1073/pnas.0509650103
http://www.ncbi.nlm.nih.gov/pubmed/16492777
http://www.ncbi.nlm.nih.gov/pubmed/10545471
http://dx.doi.org/10.1105/tpc.109.066662
http://www.ncbi.nlm.nih.gov/pubmed/19602622
http://dx.doi.org/10.1016/j.tig.2016.12.001
http://www.ncbi.nlm.nih.gov/pubmed/28069312
http://dx.doi.org/10.1016/j.cub.2014.08.032
http://www.ncbi.nlm.nih.gov/pubmed/25291631
http://dx.doi.org/10.1007/s10577-016-9536-6
http://www.ncbi.nlm.nih.gov/pubmed/27581771
http://dx.doi.org/10.1016/j.devcel.2013.02.009
http://www.ncbi.nlm.nih.gov/pubmed/23499358


Genes 2018, 9, 476 9 of 10

38. Zhang, B.; Lv, Z.; Pang, J.; Liu, Y.; Guo, X.; Fu, S.; Li, J.; Dong, Q.; Wu, H.J.; Gao, Z.; et al. Formation of a
functional maize centromere after loss of centromeric sequences and gain of ectopic sequences. Plant Cell
2013, 25, 1979–1989. [CrossRef] [PubMed]

39. Liu, Y.; Su, H.; Zhang, J.; Liu, Y.; Han, F.; Birchler, J.A. Dynamic epigenetic states of maize centromeres.
Front. Plant Sci. 2015, 6, 904. [CrossRef] [PubMed]

40. Koo, D.H.; Han, F.; Birchler, J.A.; Jiang, J. Distinct DNA methylation patterns associated with active and
inactive centromeres of the maize B chromosome. Genome Res. 2011, 21, 908–914. [CrossRef] [PubMed]

41. Zhang, W.; Lee, H.R.; Koo, D.H.; Jiang, J. Epigenetic modification of centromeric chromatin:
Hypomethylation of DNA sequences in the CENH3-associated chromatin in Arabidopsis thaliana and Maize.
Plant Cell 2008, 20, 25–34. [CrossRef] [PubMed]

42. Su, H.; Liu, Y.; Liu, Y.X.; Lv, Z.; Li, H.; Xie, S.; Gao, Z.; Pang, J.; Wang, X.J.; Lai, J.; et al. Dynamic chromatin
changes associated with de novo centromere formation in maize euchromatin. Plant J. 2016, 88, 854–866.
[CrossRef] [PubMed]

43. Topp, C.N.; Zhong, C.X.; Dawe, R.K. Centromere-encoded RNAs are integral components of the maize
kinetochore. Proc. Natl. Acad. Sci. USA 2004, 101, 15986–15991. [CrossRef] [PubMed]

44. Wong, L.H.; Brettingham-Moore, K.H.; Chan, L.; Quach, J.M.; Anderson, M.A.; Northrop, E.L.; Hannan, R.;
Saffery, R.; Shaw, M.L.; Williams, E.; et al. Centromere RNA is a key component for the assembly of
nucleoproteins at the nucleolus and centromere. Genome Res. 2007, 17, 1146–1160. [CrossRef] [PubMed]

45. Chueh, A.C.; Northrop, E.L.; Brettingham-Moore, K.H.; Choo, K.H.; Wong, L.H. Line retrotransposon RNA is
an essential structural and functional epigenetic component of a core neocentromeric chromatin. PLoS Genet.
2009, 5, e1000354. [CrossRef]

46. Chan, F.L.; Wong, L.H. Transcription in the maintenance of centromere chromatin identity. Nucleic Acids Res.
2012, 40, 11178–11188. [CrossRef] [PubMed]

47. Bouzinba-Segard, H.; Guais, A.; Francastel, C. Accumulation of small murine minor satellite transcripts
leads to impaired centromeric architecture and function. Proc. Natl. Acad. Sci. USA 2006, 103, 8709–8714.
[CrossRef] [PubMed]

48. Rosic, S.; Kohler, F.; Erhardt, S. Repetitive centromeric satellite RNA is essential for kinetochore formation
and cell division. J. Cell Biol. 2014, 207, 335–349. [CrossRef] [PubMed]

49. Blower, M.D. Centromeric transcription regulates Aurora-B localization and activation. Cell Rep. 2016, 15,
1624–1633. [CrossRef] [PubMed]

50. Grenfell, A.W.; Strzelecka, M.; Heald, R. Transcription brings the complex(ity) to the centromere. Cell Cycle
2017, 16, 235–236. [CrossRef] [PubMed]

51. Da Ines, O.; White, C.I. Centromere associations in meiotic chromosome pairing. Ann. Rev. Genet. 2015, 49,
95–114. [CrossRef] [PubMed]

52. Unhavaithaya, Y.; Orr-Weaver, T.L. Centromere proteins CENP-C and CAL1 functionally interact in meiosis
for centromere clustering, pairing, and chromosome segregation. Proc. Natl. Acad. Sci. USA 2013, 110,
19878–19883. [CrossRef] [PubMed]

53. Watanabe, Y. Geometry and force behind kinetochore orientation: Lessons from meiosis. Nat. Rev. Mol.
Cell Biol. 2012, 13, 370–382. [CrossRef] [PubMed]

54. Kaszas, E.; Birchler, J.A. Misdivision analysis of centromere structure in maize. EMBO J. 1996, 15, 5246–5255.
[CrossRef] [PubMed]

55. Iwata-Otsubo, A.; Dawicki-McKenna, J.M.; Akera, T.; Falk, S.J.; Chmatal, L.; Yang, K.; Sullivan, B.A.;
Schultz, R.M.; Lampson, M.A.; Black, B.E. Expanded satellite repeats amplify a discrete CENP-A nucleosome
assembly site on chromosomes that drive in female meiosis. Curr. Biol. 2017, 27, 2365–2373e8. [CrossRef]
[PubMed]

56. Han, F.; Lamb, J.C.; McCaw, M.E.; Gao, Z.; Zhang, B.; Swyers, N.C.; Birchler, J.A. Meiotic studies on
combinations of chromosomes with different sized centromeres in maize. Front. Plant Sci. 2018, 9, 785.
[CrossRef] [PubMed]

57. Han, F.; Gao, Z.; Yu, W.; Birchler, J.A. Minichromosome analysis of chromosome pairing, disjunction, and
sister chromatid cohesion in maize. Plant Cell 2007, 19, 3853–3863. [CrossRef] [PubMed]

58. Liu, Y.; Su, H.; Pang, J.; Gao, Z.; Wang, X.J.; Birchler, J.A.; Han, F. Sequential de novo centromere formation
and inactivation on a chromosomal fragment in maize. Proc. Natl. Acad. Sci. USA 2015, 112, E1263–E1271.
[CrossRef] [PubMed]

http://dx.doi.org/10.1105/tpc.113.110015
http://www.ncbi.nlm.nih.gov/pubmed/23771890
http://dx.doi.org/10.3389/fpls.2015.00904
http://www.ncbi.nlm.nih.gov/pubmed/26579154
http://dx.doi.org/10.1101/gr.116202.110
http://www.ncbi.nlm.nih.gov/pubmed/21518739
http://dx.doi.org/10.1105/tpc.107.057083
http://www.ncbi.nlm.nih.gov/pubmed/18239133
http://dx.doi.org/10.1111/tpj.13305
http://www.ncbi.nlm.nih.gov/pubmed/27531446
http://dx.doi.org/10.1073/pnas.0407154101
http://www.ncbi.nlm.nih.gov/pubmed/15514020
http://dx.doi.org/10.1101/gr.6022807
http://www.ncbi.nlm.nih.gov/pubmed/17623812
http://dx.doi.org/10.1371/annotation/3b497aec-b7d3-442e-9086-751251f649dd
http://dx.doi.org/10.1093/nar/gks921
http://www.ncbi.nlm.nih.gov/pubmed/23066104
http://dx.doi.org/10.1073/pnas.0508006103
http://www.ncbi.nlm.nih.gov/pubmed/16731634
http://dx.doi.org/10.1083/jcb.201404097
http://www.ncbi.nlm.nih.gov/pubmed/25365994
http://dx.doi.org/10.1016/j.celrep.2016.04.054
http://www.ncbi.nlm.nih.gov/pubmed/27184843
http://dx.doi.org/10.1080/15384101.2016.1242962
http://www.ncbi.nlm.nih.gov/pubmed/27736298
http://dx.doi.org/10.1146/annurev-genet-112414-055107
http://www.ncbi.nlm.nih.gov/pubmed/26421510
http://dx.doi.org/10.1073/pnas.1320074110
http://www.ncbi.nlm.nih.gov/pubmed/24248385
http://dx.doi.org/10.1038/nrm3349
http://www.ncbi.nlm.nih.gov/pubmed/22588367
http://dx.doi.org/10.1002/j.1460-2075.1996.tb00910.x
http://www.ncbi.nlm.nih.gov/pubmed/8895570
http://dx.doi.org/10.1016/j.cub.2017.06.069
http://www.ncbi.nlm.nih.gov/pubmed/28756949
http://dx.doi.org/10.3389/fpls.2018.00785
http://www.ncbi.nlm.nih.gov/pubmed/29951076
http://dx.doi.org/10.1105/tpc.107.055905
http://www.ncbi.nlm.nih.gov/pubmed/18083907
http://dx.doi.org/10.1073/pnas.1418248112
http://www.ncbi.nlm.nih.gov/pubmed/25733907


Genes 2018, 9, 476 10 of 10

59. Liu, Y.; Su, H.; Liu, Y.; Zhang, J.; Dong, Q.; Birchler, J.A.; Han, F. Cohesion and centromere activity are
required for phosphorylation of histone H3 in maize. Plant J. 2017, 92, 1121–1131. [CrossRef] [PubMed]

60. Su, H.; Liu, Y.; Dong, Q.; Feng, C.; Zhang, J.; Liu, Y.; Birchler, J.A.; Han, F. Dynamic location changes of
Bub1-phosphorylated-H2AThr133 with CENH3 nucleosome in maize centromeric regions. New Phytol. 2017,
214, 682–694. [CrossRef] [PubMed]

61. Zhang, H.; Dawe, R.K. Total centromere size and genome size are strongly correlated in ten grass species.
Chromosome Res. 2012, 20, 403–412. [CrossRef] [PubMed]

62. Yan, H.; Talbert, P.B.; Lee, H.R.; Jett, J.; Henikoff, S.; Chen, F.; Jiang, J. Intergenic locations of rice centromeric
chromatin. PLoS Biol. 2008, 6, e286. [CrossRef] [PubMed]

63. Wang, N.; Dawe, R.K. Centromere size and its relationship to haploid formation in plants. Mol. Plant 2017,
11, 398–406. [CrossRef] [PubMed]

64. Wang, K.; Wu, Y.; Zhang, W.; Dawe, R.K.; Jiang, J. Maize centromeres expand and adopt a uniform size in
the genetic background of oat. Genome Res. 2014, 24, 107–116. [CrossRef] [PubMed]

65. Dong, Z.; Yu, J.; Li, H.; Huang, W.; Xu, L.; Zhao, Y.; Zhang, T.; Xu, W.; Jiang, J.; Su, Z.; et al. Transcriptional
and epigenetic adaptation of maize chromosomes in oat-maize addition lines. Nucleic Acids Res. 2018, 46,
5012–5028. [CrossRef] [PubMed]

66. Kaszas, E.; Birchler, J.A. Meiotic transmission rates correlate with physical features of rearranged centromeres
in maize. Genetics 1998, 150, 1683–1692. [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1111/tpj.13748
http://www.ncbi.nlm.nih.gov/pubmed/29032586
http://dx.doi.org/10.1111/nph.14415
http://www.ncbi.nlm.nih.gov/pubmed/28079247
http://dx.doi.org/10.1007/s10577-012-9284-1
http://www.ncbi.nlm.nih.gov/pubmed/22552915
http://dx.doi.org/10.1371/journal.pbio.0060286
http://www.ncbi.nlm.nih.gov/pubmed/19067486
http://dx.doi.org/10.1016/j.molp.2017.12.009
http://www.ncbi.nlm.nih.gov/pubmed/29277426
http://dx.doi.org/10.1101/gr.160887.113
http://www.ncbi.nlm.nih.gov/pubmed/24100079
http://dx.doi.org/10.1093/nar/gky209
http://www.ncbi.nlm.nih.gov/pubmed/29579310
http://www.ncbi.nlm.nih.gov/pubmed/9832542
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	The Structure and Organization of the Maize B Chromosome 
	The Composition of the Maize B Centromere and Its Misdivision 
	B Chromosome Nondisjunction 
	Centromere Inactivation, Reactivation and De Novo Centromere Formation 
	Meiotic Behavior of the Maize B Derivative Chromosome 
	The Control of the Maize B Centromere Size 
	Concluding Remarks and Future Perspectives 
	References

