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The Knl1-Mis12-Ndc80 (KMN) network is an essential component
of the kinetochore–microtubule attachment interface, which is re-
quired for genomic stability in eukaryotes. However, little is
known about plant Knl1 proteins because of their complex evolu-
tionary history. Here, we cloned the Knl1 homolog from maize
(Zea mays) and confirmed it as a constitutive central kinetochore
component. Functional assays demonstrated their conserved role
in chromosomal congression and segregation during nuclear divi-
sion, thus causing defective cell division during kernel develop-
ment when Knl1 transcript was depleted. A 145 aa region in the
middle of maize Knl1, that did not involve the MELT repeats, was
associated with the interaction of spindle assembly checkpoint
(SAC) components Bub1/Mad3 family proteins 1 and 2 (Bmf1/2)
but not with the Bmf3 protein. They may form a helical conforma-
tion with a hydrophobic interface with the TPR domain of Bmf1/2,
which is similar to that of vertebrates. However, this region de-
tected in monocots shows extensive divergence in eudicots, sug-
gesting that distinct modes of the SAC to kinetochore connection
are present within plant lineages. These findings elucidate the
conserved role of the KMN network in cell division and a striking
dynamic of evolutionary patterns in the SAC signaling and
kinetochore network.
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The proper partitioning of chromosomes to daughter cells
during mitosis and meiosis relies on the hierarchical kineto-

chore protein complex that assembles on the centromeres of
chromosomes (1, 2). Detailed microscopy and biochemical studies
have identified more than 100 kinetochore proteins from yeast to
mammalian cells and have revealed the conserved bipartite
structure of the kinetochore (3). The outer kinetochore Knl1-
Mis12-Ndc80 (KMN) network physically connects the centromeric
chromatin and the inner constitutive kinetochore–centromere-
associated network to the spindle microtubules, which cooperate
for faithful chromosome orientation and segregation during cell
division (1, 4–6). The conserved spindle assembly checkpoint
(SAC) signaling regulates the attachment of kinetochores and
microtubules (KT–MT) and delays the progression of the cell
cycle until all kinetochores are correctly attached (7–9). The
KT–MT associations and their regulatory machineries are rela-
tively conserved in eukaryotes. However, kinetochore proteins
undergo frequent mutations and have coevolved in various ways
with their interaction partners, leading to great diversity in ki-
netochore composition in eukaryotes (6, 10). The functional study
of kinetochore compositions in plant species besides model or-
ganisms will be necessary to shed light on this intriguing complex
during evolution.
Knl1 is one of the largest kinetochore components and plays

important roles in the assembly of other kinetochore proteins
and chromosomal congression during cell division in Caeno-
rhabditis elegans, yeast, and human cells (11–17). As the “hub” of
the kinetochore, Knl1 displays high levels of intrinsic disorder

with many short linear motifs to coordinate multiple protein–
protein interactions for microtubule attachment and activation
of SAC signaling during the cell cycle (7, 18). At the N terminus
of human Knl1, two KI motifs, KI1 and KI2, are identified with
confidence only in vertebrates and interact with SAC compo-
nents Bub1 and BubR1, respectively (Fig. 1A). The crystal
structure reveals that some residues of the KI motifs form part of
an alpha helix that runs parallel to the axis of the TPR domain of
these proteins (16, 19, 20). Recent studies in yeast and humans
have revealed that the Mps1-dependent, phosphorylated MELT
repeats in Knl1 generate binding sites for SAC component Bub3
and promote the recruitment of Bub3–Bub1 and Bub3–BubR1
complexes to the kinetochore (21–24). The KI motifs were fur-
ther found to be the enhancers of MELT modules in the re-
cruitment of SAC signals in human Knl1 (25). However, the
number of MELT repeats in Knl1 varies among species, and no
MELT repeats and convincing KI motifs were detected in the
plant Knl1 protein (Fig. 1A) (26). The questions then arise of
how the SAC components interact with Knl1 in flowering plants,
which have no explicit repeats, and what are the roles of plant
Knl1 in regulating the spatial and temporal behavior of chro-
mosomes during the cell cycle.
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The spindle assembly checkpoint (SAC) signaling controls the
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Plant SAC components were first identified in Arabidopsis (27,
28), and subsequent studies reveal they share conserved func-
tions but exhibit different architectures with their counterparts
compared with animals and yeast (29, 30). Molecular intricacies
of SAC signaling in plants seems to be highly divergent from the
system in vertebrate and fungal lineages. For example, the
reshuffled and redistributed domains from the presumed an-
cestral Bub1/Mad3 with two independent duplication events re-
sult in three Bub1-type paralogs in plants, referred to as the
Bub1/Mad3 family protein (Bmf1, Bmf2, and Bmf3), which is
different from animals and yeast with two Bub1-type paralogs
(Bub1, BubR1, or Mad3, Fig. 1B) (26, 29). Arabidopsis thaliana
Bmf1 (AtBmf1) shows constant kinetochore signals during the
cell cycle, AtBmf2 is not present in the kinetochore, and only
AtBmf3 displays a typical dynamic kinetochore distribution when
compared to other species (29). Moreover, three Bub3 paralogs
in Arabidopsis were identified and were shown not to be localized
in the kinetochore but to function in microtubule organization
during cytokinesis (29, 31). The Gle2-binding site (GLEBS) in
Bub1 and BubR1, which are involved in the interaction with
Bub3 in human cells, has been lost in plant BMF proteins (9, 32).
These results indicate that the protein sequences and functions
of plant SAC have occurred with divergence, compared with that

of animals and yeast. Therefore, the kinetochore receptor of
SAC components and their binding patterns with kinetochores
need further research in plants.
Mis12 and Ndc80, the core proteins of the KMN network,

have previously been found to localize in the kinetochore in
maize (33, 34). Here, we cloned a Knl1 homolog from maize, and
the mutant analysis demonstrated a conserved role played by this
protein during plant cell division, as well as in early endosperm
development. Evolutionary and functional analyzes further shed
light on an intriguing pattern of molecular evolution models
between Knl1 and SAC components in plants.

Results
Identification and Annotation of the Knl1 Homolog in Maize. A re-
cent paper reported Knl1 in moss Physcomitrella patens was lo-
calized to the kinetochore (35). Here, we used the protein
sequence as a query to Basic Local Alignment Search Tool
(BLAST) the National Center for Biotechnology Information
(NCBI) protein database and cloned the Knl1 homolog from
maize. The candidate gene (Zm00001d046545) encodes a 1,065
amino acid (aa) polypeptide. RT-PCR revealed that this gene is
highly expressed in young tassel and root tissues, which have high
cell division indices, whereas it is expressed at significantly lower

Fig. 1. Identification and annotation of the Knl1 homolog in maize. (A) Schematic diagram of Knl1 and SAC components in humans (H. sapiens), Arabidopsis
(A. thaliana), and maize (Z. mays). Different-colored rectangles on human Knl1 represent the following: SILK and RVSF motif for PP1 binding domain; MELT
repeats and KI1 motif for Bub3–Bub1 complex binding; KI2 motif for Bub3–BubR1 complex binding; coiled-coil domain for Zwint1 binding; and RWD domain
for Mis12 complex binding. Ovals on Bub1 and BubR1 represent the TPR domains. Rectangles on Bub1 and BubR1 represent the Bub3-binding domain. Only
RVSF, coiled-coil, and RWD domains are present in Arabidopsis and maize Knl1. The dotted lines and virtual boxes indicate there are no KI motifs in plant
Knl1. (B) Model for evolution of the Bub/Mad family protein in humans, Arabidopsis, and maize. Some functional domains were shown with different-colored
rectangles in the presumed ancestral Bub1/Mad3 protein. TPR domain is for Knl1 binding, GLEBS motif is for Bub3 binding, and a kinase domain is for histone
H2A phosphorylation. A pseudokinase domain with a gray rectangle was shown in human BubR1. (C–E) Colocalization of KMN network components on
maize leptotene and pachytene chromosomes: ZmMis12 (red) and ZmKnl1 (green) (C); ZmNdc80 (red) and ZmKnl1 (green) (D); and ZmMis12 (red) and
ZmNdc80 (green) (E). (F) Colocalization signals of ZmKnl1 (green) and ZmBmf1 (red) in maize pachytene chromosomes. The Insets indicate a higher-
magnification view of colocalization signals of different proteins. Chromosomes stained with DAPI are shown in blue. (Scale bar, 10 μm.)
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levels in leaves, shoots, and older tissues (SI Appendix, Fig. S1A);
this expression pattern is consistent with its kinetochore function
during cell division. We performed dual immunostaining using
the corresponding antibodies in wild-type (WT) maize pollen
mother cells to detect the signals of the KMN network on meiotic-
stage chromosomes. ZmNdc80 and ZmMis12 colocalized with this
protein in zygotene- or pachytene-stage chromosomes, respec-
tively (Fig. 1 C and D), when ZmNdc80 and ZmMis12 were also
spatially associated (Fig. 1E). Furthermore, the colocalized signals
of ZmKnl1 and ZmBmf1 might suggest the interaction with SAC
signaling (Fig. 1F). Protein domain annotations indicate that theN
and C termini contain conserved RVSF and coiled-coil domains,
respectively, which are typical structural features of human Knl1
protein (Fig. 1A and SI Appendix, Fig. S1B). Conserved RWD
domains were also determined in the C terminus tail using a
hidden Markov model (HMM) (Fig. 1A) (36). However, we failed
to detect other conserved motifs or domains in plant Knl1 pro-
teins, including the SILK motif and convincing KI motifs at the N
terminus, and the MELT repeats in the middle region (Fig. 1A).
Protein disorder prediction identified a 630 aa region from the N
terminus and several small regions in the C terminus that are in-
trinsically disordered, which is consistent with the structure of the
human Knl1 protein (SI Appendix, Fig. S1C). Taken together,
these results demonstrate that the Knl1 protein may act as a
conserved kinetochore scaffold, with a divergence in plants.
To further investigate the evolutional history of Knl1, we built

a phylogenetic tree of Knl1 among different species. The protein
sequences of Knl1 were obtained via BLAST in the GenBank
database or the HMM profile (37, 38). We identified Knl1 ho-
mologs from different plant lineages, including 44 eudicots, 18
monocots, 3 bryophytes, and 4 green algal species. Amborella
trichopoda, at the base of the angiosperm tree (39), was also
added to the analysis. Other Knl1 proteins from metazoa and
fungi were obtained from the published resources (10, 26, 36).
Multiple sequence alignment from various species reveals Knl1
proteins display poor overall sequence conservation (Dataset
S1), indicating that Knl1 proteins diverged extensively during
evolution. The phylogenetic tree shows that Knl1 from angio-
sperms is separated from that of fungi and metazoa. However,
the Knl1s from chlorophyta and bryophyte belong to the fungal
grade of Knl1. This may be due to fungal, green algal, and
bryophytes Knl1s remaining more similar to the ancestral eukary-
otic state, while land plant Knl1 diverged more extensively. Fur-
thermore, independent branches evolved among eudicots and
monocots, and Knl1 from A. trichopoda was situated in the node of
the branch, implying the roles of Knl1 among different plant
lineages may have differentiated (SI Appendix, Fig. S2). These
results further confirmed the notion that kinetochore compositions
diverged extensively during the evolution of eukaryotes, despite its
conserved and essential cellular functions (10).

TPR Domains of ZmBmf1/2 Mediates the Interactions with ZmKnl1.
We reasoned that the loss of some motifs in plant Knl1s that are
conserved in human and yeast Knl1 might have led to changes in
the interaction patterns between Knl1 and SAC proteins in
maize. We therefore investigated whether ZmKnl1 interacts with
SAC components using the yeast two-hybrid (Y2H) system. As
the yeast cells with a full-length pGAD-Knl1 construct cannot
grow on permissive media (SD/−Leu/−Trp), we used the Knl1-N
construct to perform Y2H with different SAC proteins (as shown
in Fig. 2A, this construct shows interaction with Bmf1/2). We
found that ZmKnl1 interacted with full-length ZmBmf1 and
ZmBmf2 in the Y2H system (Fig. 3 A and B). As the construct
pGBK-ZmBmf3 shows self-activation, we built a pGBK-ZmKnl1-
N construct, which also self-activates. Therefore, we generated
several truncated pGBK-ZmKnl1 constructs covering the full-
length ZmKnl1 and found that no interactions were detected
with ZmBmf3 using these constructs in the Y2H assay (Fig. 3C),

perhaps because the neofunction of ZmBmf3 affects its interac-
tion with ZmKnl1. No interaction was detected between ZmKnl1
and ZmBub3 using the overlapping N or C terminus of ZmKnl1
(SI Appendix, Fig. S3A), whereas these proteins directly interact in
mammalian cells and yeast (24, 40). Furthermore, we failed to
detect interactions between ZmBmf1/2/3 and ZmBub3 (SI Ap-
pendix, Fig. S3B), which is consistent with the finding that plant
BMF proteins lack the Bub3-binding domain (9, 29, 30).
As the TPR domain of Bub1 and BubR1 is essential for their

interaction with Knl1 in human and yeast cells (15, 16, 19, 20),
the conserved TPR domain was detected in the N terminus of
ZmBmf1/2. We further investigated their interactions with
ZmKnl1 using the Y2H assay (Fig. 3D) and generated a variety
of constructs using the complete ZmBmf1 protein and truncation
proteins containing the ZmBmf1–N terminus or ZmBmf1–C
terminus. ZmBmf1-N, which harbors the TPR motif, interacts
with ZmKnl1, as did the full-length ZmBmf1. By contrast,
ZmBmf1-C failed to interact with ZmKnl1 (Fig. 3A, tracks two
to three). The integral TPR domain contains three TPR repeat
units (41). Removing either TPR repeat unit of ZmBmf1 will
impair the interaction with ZmKnl1 (Fig. 3A, tracks four to five).
To further verify that the TPR domain of ZmBmf1 is required
for its interaction with ZmKnl1, we constructed several substi-
tution mutants at conserved amino acids to perform Y2H. These
mutations from the TPR domain (W-A, L-A, GMF-AGL, A-D,
and V-G) of ZmBmf1 abolished its interaction with ZmKnl1
(Fig. 3A, tracks six to eight and SI Appendix, Fig. S3C). These
sites are required for the interaction with Knl1 in human cells
and yeast, and crystal structural analysis has confirmed that these
impaired interactions are due to the disruption of stabilizing
interactions with Knl1 and not as the result of complete mis-
folding of the protein (20, 42, 43). A similar result was obtained
for the interaction of ZmBmf2 with ZmKnl1 using the truncation
and mutation assays (YRFL-ARFA, QIG-AGL, A-D, and I-G)
(Fig. 3B and SI Appendix, Fig. S3D). However, we found that the
same mutation on the conserved residue (W-A) on the TPR do-
main of ZmBmf2 has no effect on the interaction with ZmKnl1
(Fig. 3B, track six), suggesting that ZmKnl1 recognizes ZmBmf1
residues differently from that of ZmBmf2. Taken together, these
results reveal that the TPR domains of ZmBmf1/2 are essential for
their association with ZmKnl1.

A Helical Conformation with Hydrophobic Amino Acids in the Middle
Region of Knl1 Participates in BMF Recruitment in Maize. To further
investigate how ZmKnl1 recognizes ZmBmf1/2, we mapped its
binding domain using a series of overlapping ZmKnl1 trunca-
tions (Fig. 2A). Knl1-N (spanning aa 1 to 771) and Knl1-C
(spanning aa 167 to 1,065) interacted with ZmBmf1/2 in a
Y2H assay, indicating that the middle region of Knl1 (Knl1-M)
interacts with both proteins (Fig. 2B, top three tracks). To de-
termine the nature of the Knl1-M domain, we performed ex-
tensive Y2H analyses using truncation fragments of Knl1-M. The
Knl1-M was truncated into three fragments (Knl1-M1 to Knl1-
M3), as shown in Fig. 2A. Only Knl1-M3 interacted with both
ZmBmf1 and ZmBmf2, whereas Knl1-M1 and Knl1-M2 failed to
interact with either protein (Fig. 2B, tracks four to six). We then
truncated Knl1-M3 into five small parts. Whereas Knl1-M4 to
Knl1-M7 did not interact with ZmBmf1 or ZmBmf2, the Knl1-
M8, that consisting of Knl1-M6 and the distal part of Knl1-M7,
interacted with both proteins (Fig. 2B). Luciferase complemen-
tation imaging assays in Nicotiana benthamiana leaves revealed
that the coexpression of ZmBmf1/2-NLUC (N-terminal domains
of LUCIFERASE) and ZmKnl1-M8-CLUC (C-terminal do-
mains of LUCIFERASE) displayed a strong luciferase activity,
indicating a specific interaction of ZmKnl1-M8 with ZmBmf1
and ZmBmf2 but not with ZmBmf3 (Fig. 2C). These results
suggest that the Bmf1/2 recruitment region comprises 145 aa in
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the middle of the Knl1 protein, spanning residues 627 to 771 in
maize (ZmKnl1627–771).
To characterize the BMF recruitment region in ZmKnl1, we

predicted the secondary structure with Raptorx server (44), and
three alpha helices with two bulky hydrophobic domains were
detected in this region (SI Appendix, Fig. S4 A and B). To de-
termine whether the hydrophobic amino acids are essential for
the interaction with ZmBmf1/2, we performed Y2H experiments
using a series of ZmKnl1 mutant proteins, in which most of the
residues were substituted with alanine (A) via site-directed mu-
tagenesis in the Knl1-M8 construct. When amino acid residues
DID in the first hydrophobic domain with an alpha helix were
replaced by AAA, ZmKnl1 failed to interact with ZmBmf1/2.
Mutations at other sites (KSV-AAA, SKV-AAA, and TN-AA)
had no effect on its interaction with ZmBmf1 or ZmBmf2
(Fig. 2D). We found that the replacement of second hydrophobic
domains (RIK, FC, and KRL) with As abolished its interaction
with ZmBmf2 but did not affect its interaction with ZmBmf1
(Fig. 2E), suggesting that the mechanism by which ZmKnl1
recognizes ZmBmf1 is subtly different to that of ZmBmf2, and at
least another segment of ZmKnl1 is involved in the interaction
with ZmBmf2 protein. This is consistent with the results that
particular constructs containing the hydrophobic amino acids

show no binding with ZmBmf1/2 (Fig. 2A, M5 and M7). Fur-
thermore, a coiled-coil region was detected in the last part of the
145 aa region (SI Appendix, Fig. S4A). The mutations of these
conserved residues in the coiled-coil region have no effect on the
interaction with ZmBmf1/2 (SI Appendix, Fig. S4C). These re-
sults indicate that the BMF recruitment region in ZmKnl1
contains a helical conformation with hydrophobic amino acids,
and they may form a complementary hydrophobic interface with
the TPR domain of BMF proteins, as in vertebrates.
However, when we compared the regions between different

plant lineages, the BMF recruitment region detected in maize
was found with differentiations in eudicots, such as Arabidopsis,
soybean (Glycine max), and Brassica species (SI Appendix, Fig.
S4A). The mutations on the highly conserved amino acids be-
tween eudicots and monocots in the last part of 145 aa region
have no effect on the interaction with ZmBmf1/2 (SI Appendix,
Fig. S4C), suggesting that the conserved parts in the 145 aa re-
gion of Knl1 between monocots and eudicots are not associated
with interaction to ZmBmf1/2. Only the specific residues in the
diverged domain influence the interaction with ZmBmf1/2
(Fig. 2 D and E). These results suggest that different mechanisms
evolved to recruit BMF proteins to kinetochore between eudi-
cots and monocots.

Fig. 2. Identification of the BMF binding domain in ZmKnl1. (A) Schematic representation of the ZmKnl1 truncations used to define the ZmBmf1/2 binding
domain. Eight truncated constructs of ZmKnl1 (M1 to M8) were produced. Blue indicates full-length ZmKnl1 proteins. Green indicates no Y2H interaction.
Purple indicates Y2H interaction. (B) Y2H interactions between truncated ZmKnl1 variants and ZmBmf1 (Left three) or ZmBmf2 (Right three). (C) Luciferase
complementation imaging assay of the interaction between ZmKnl1-M8 and ZmBmf1/2/3. Fluorescence signal intensities represent their interaction activities.
(D and E) Schematic representation of ZmKnl1 substitution constructs used to define the ZmBmf1/2-binding domain. Y2H interaction was conducted between
substituted ZmKnl1 variants and ZmBmf1/2. The sequential residues in this region were replaced with As.
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Knl1 Is a Constitutive Component of the Central Kinetochore during
the Cell Cycle. We performed immunofluorescence microscopy
using monoclonal antibodies to detect ZmKnl1 signals in meri-
stem cells from root tips of a YFP-CENH3 transgenic maize line
during the cell cycle and to compare the distribution pattern of
ZmKnl1 with that of CENH3. ZmKnl1 was firstly detected in the
interphase of somatic meristem cells (SI Appendix, Fig. S5A), and
the antiserum identified all 20 kinetochores labeled with CENH3
signals in somatic nuclei throughout the cell cycle (SI Appendix,
Fig. S5). ZmKnl1 signals were located in front of the kinetochore
after anaphase (SI Appendix, Fig. S5 C and D), as sister chro-
matid kinetochores were connected with spindle microtubules to
separate the sister chromatids.
We then examined the localization of ZmKnl1 in the kineto-

chore of WT pollen mother cells. ZmKnl1 signals were readily
observed on all kinetochores in meiotic cells during all stages of
the cell cycle (Fig. 4). When chromosomes condensed and began
to pair during the leptotene and early zygotene stages, Knl1
appeared as distinct single (paired) or doubled (unpaired) spots
(Fig. 4 A–C). ZmKnl1 stained brightly in chromosomes later in
the cell cycle during pachytene, when all kinetochores were
paired and contained four chromatid kinetochores (Fig. 4C).
ZmKnl1 signals were clearly localized to kinetochores through-
out meiosis II until telophase II, as well as in cells that had
completed meiosis (i.e., tetrads) (Fig. 4 F–H). ZmKnl1 signals
connected with microtubules during metaphase I and metaphase
II (SI Appendix, Fig. S6). The consistent signals of ZmKnl1 on
kinetochores indicate that Knl1 is constitutively present in maize,
as previously reported for ZmNdc80 (33).

CRISPR/Cas9-Mediated Knockout of ZmKnl1 Cause Defects in
Chromosomal Congression during Mitosis. To further explore the
role of ZmKnl1 in chromosome segregation, we created knockout

mutants of ZmKnl1 using the dmc1 promoter-controlled (DPC)
CRISPR/Cas9 system, which is highly efficient for genome editing
in maize (45). For the targeting site of ZmKnl1, we selected a Pvu-
II recognition site within the second exon of this gene (SI Ap-
pendix, Fig. S7A). We transformed the construct into immature
maize Hi-II embryos via Agrobacterium tumefaciens–mediated
transformation and obtained four bialaphos-resistant calli (trans-
gene positive) and 20 regenerated plantlets. The regenerated
seedlings exhibited a high mutation ratio, as determined by PCR
restriction enzyme (PCR-RE) digestion assay (SI Appendix, Fig.
S7B). Various types of mutations were present in zmknl1, as
revealed by Sanger sequencing (SI Appendix, Fig. S7C). Sanger
sequencing of transgenic seedlings #7, #12, and #19 indicated
that they were likely mosaic mutants with two or three mutated
alleles, respectively (26/25/12/3/1 bp deletion or 1 bp insertion).
Transgenic seedlings with high mutation ratios grew slowly and did
not survive for more than 2 wk (SI Appendix, Fig. S7D).
To better understand the reasons of the growth defects in

these lines, we obtained root-tip cells from the seedling during
early growth, fixed them, and stained them with DAPI. Chro-
mosome morphology in the ZmKnl1 mutants was similar to that
of the control through prophase (Fig. 5 A and B). However,
while the chromosomes of the control were well aligned at the
equator of the cell in metaphase (Fig. 5C), about 33.3% of cells
(n = 36) in the ZmKnl1 mutants showed perturbed chromosome
congression, with one to two chromosomes that failed to align
(Fig. 5D). These results indicate that ZmKnl1 is required for
mitotic chromosomal congression, which is consistent with the
findings that ZmKnl1 regulates chromosome alignment and
segregation in human cells (16, 17).

ZmKNL1 Deficiency Is Correlated with Defective Kernel Development.
Using the ZmKnl1 protein sequence as a query, we searched the

Fig. 3. The TPR domains of ZmBmf1 and ZmBmf2 are essential for binding with ZmKnl1. (A–C) Schematic representations of the truncations and mutations
of BMF proteins used to define the Knl1 binding domain (Left). Y2H system of ZmKnl1 with different BMF constructs (Right): ZmBmf1 (A), ZmBmf2 (B), and
ZmBmf3 (C). The TPR motif is marked in green. Red indicates residues altered in the substitution mutants, as depicted in D. FL is full length; N is N terminus
containing the TPR domain; C is C terminus without the intact TPR domain; C1 is C terminus without one TPR repeat unit; and C2 is C terminus without two
TPR repeat units. Yeast cells at various dilutions were grown on selective (SD/−Trp/−Leu/−Ade/−His) media. (D) Multiple sequence alignment of the TPR
domains of Bub1/Mad3 homologs from human (h), mouse (m), Saccharomyces cerevisiae (sc), Schizosaccharomyces pombe (sp), Arabidopsis (at), and maize
(zm). The asterisks at the top of the alignment indicate completely conserved residues, and the colons and single dots indicate highly and moderately
conserved residues, respectively. The red line indicates the alpha helix within the TPR domain. X indicates residues altered in the substitution mutants.
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maizeGDB UniformMu resource (https://www.maizegdb.org/
uniformmu) and located a UFMu-06469 line carrying a Mutator
(Mu) insertion. The mutant was crossed with plants in the W22
genetic background. Genotyping showed that a Mu transposon is
inserted in the first exon of the zmknl1 gene after the ATG start
codon (Fig. 6A). Some of the mature kernels were small and
shrunken (SI Appendix, Fig. S8A). The F2 ears of heterozygous
plants exhibited a 3:1 segregation ratio of WT to mutant kernels
(SI Appendix, Fig. S8B), indicating that UFMu-06469 harbors a
recessive mutation. We extracted genomic DNA from small and
normal kernels without removing the endosperm. Genotyping
using the prime pair F+R/R+Mu revealed that the small kernels
were homozygous (SI Appendix, Fig. S8C). At 14 d after polli-
nation (DAP), homozygous knl1 kernels were small and appeared
collapsed (Fig. 6 B and C). RT-PCR showed that Knl1 is not
expressed in small kernels (SI Appendix, Fig. S8D). At maturity,
the 100-seed weight of mutant seeds was significantly reduced to a
level of only 1.2% that of the WT (SI Appendix, Fig. S8E; P <
0.01). The homozygous mutant seeds failed to germinate (Fig.
6D). No homozygous Knl1 mutant survived, indicating that nor-
mal development cannot occur in the absence of Knl1. Chromo-
some spreads were examined in the WT and zmknl1 endosperm
cells at 14 DAP. Chromosome bridges (62.5%, n= 24) during
anaphase were easily observed in zmknl1 endosperm (Fig. 6E),
suggesting that the deficiency of ZmKNL1 causes mitotic defects
in endosperm cells.
To further understand the basis of the phenotypic defects of

the zmknl1 mutant, we performed RNA sequencing (RNA-Seq)
of mutant andWT kernels at 14 DAP with two biological replicates
(SI Appendix, Fig. S8F). In total, 555 significantly differentially
expressed genes (DEGs) were identified (q-value < 0.05, log2 [fold
change] > 1.5), including 317 down-regulated and 238 up-regulated
genes (SI Appendix, Fig. S8G and Dataset S2). We functionally
analyzed 432 of these DEGs using the Gene Ontology (GO)
analysis. The kinetochore genes, including SAC, Ndc80, and Mis12
components, were not in the list of DEGs, suggesting that the Knl1
deregulation has no effect on the expression of other kinetochore
genes. The enriched GO terms mainly included metabolic process

(GO:0008152), response to stimulus (GO:0050896), anatomical
structure development (GO:0048856) (multicellular organism
development, developmental process involved in reproduction,
reproductive process, system development, seed development,
fruit development, postembryonic development, and reproductive
structure development), and monocarboxylic acid metabolic pro-
cess (GO:0032787) (organic acid biosynthetic process, oxoacid
metabolic process, carboxylic acid biosynthetic process, carboxylic
acid metabolic process, and fatty acid biosynthetic process) (SI
Appendix, Fig. S8H and Dataset S3), which were previously shown
to be involved in maize endosperm development (46). Taken to-
gether, these results suggest the loss of function of ZmKnl1 affects
mitotic cell division during early endosperm development and
triggers a stress response and the corresponding metabolic
reactions.

Discussion
Knl1 is a highly divergent protein widely conserved among eu-
karyotes. The function of plant Knl1 has not been properly
studied to date. Here, we cloned the Knl1 gene from maize and
present cytological and evolutionary data about this protein in
plant lineages. The spatial and cellular localization patterns of
Knl1 signals overlapped with those of Mis12 and Ndc80 in maize,
which are other established components of the KMN complex
(Fig. 1 C–E). Although the overall sequence similarity of Knl1
proteins across species is very low, functional analysis revealed
that Knl1 is essential for proper chromosome congression and
segregation during cell division (Figs. 5 and 6), which is consis-
tent with findings in human cells (16, 17). The mutation of a
motor protein was recently found to affect mitotic division dur-
ing early endosperm development in maize, yielding plants with
various kernel sizes (47). The deficiency of Knl1 likely impairs
kinetochore function, leading to abnormal chromosome behav-
ior during cell division in early endosperm development, subse-
quently eliciting a stress response and corresponding metabolic
reactions and ultimately resulting in defective kernels.
When we investigated the mechanism of how Knl1 is involved

in SAC signaling in plant systems, other aspects were found.

Fig. 4. Distribution of ZmKnl1 signals in WT maize meiocytes: leptonema (A), pachynema (B), diakinesis (C), metaphase I (D), Telophase I (E), prometaphase II
(F), metaphase II (G), and quartets (H). ZmKnl1 signals are shown in red. DAPI-stained chromosomes are shown in blue. (Scale bar, 10 μm.)
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ZmBmf3 lost its interaction with ZmKnl1, and only ZmBmf1
and ZmBmf2 retained the interactions with ZmKnl1 (Fig. 3).
ZmBmf1 shows a dynamic kinetochore localization during the
cell cycle, of which the signals accumulate at the kinetochore in
interphase, and signal intensity increases before metaphase and
disappeared from the kinetochore at anaphase (9). The results
were similar for the dynamic localization of Bmf1 protein in rice,
another monocot species (48). There have been no reports of the
localization of Bmf2/3 in maize and rice. We propose that the
recruitment of kinetochore localization of BMF proteins might
be related to the Knl1 pathway. Both of the plant BMF proteins
contain the TPR domain, as in humans. The mutational analysis
at the conserved corresponding residues of the TPR domain
between ZmBmf1 and ZmBmf2 (W-A) suggests ZmKnl1 rec-
ognizes TRP domains in different manners (Fig. 3). Therefore,

sequence variations on the TPR domains at ZmBmf1/2 and
ZmBmf3 may result in the lost interaction with Knl1.
The MELT repeats were lost in plant Knl1 (Fig. 1A), suggesting

that an alternative pathway might exist for the interaction with
SAC proteins. The kinetochore localization of SAC components’
BMF proteins in mps1 mutants is identical to that in WT Arabi-
dopsis, further indicating that the Mps1-mediated phosphorylation
process is dispensable for recruiting SAC components to the ki-
netochore in plants (29). Here, we identified 145 aa in the middle
region of ZmKnl1 that interact with ZmBmf1/2 (Fig. 2). Fur-
thermore, a comparison of protein sequences and experimental
analysis revealed that the hydrophobic amino acids with alpha
helix conformation in the 145 aa region involves its interaction
with ZmBmf1/2, and the mechanisms differ subtly on how
ZmKnl1 recognizes ZmBmf1 and ZmBmf2 (Fig. 2). Furthermore,

Fig. 5. Knockout of ZmKnl1 by CRISPR/Cas9 leads to defects in chromosome congression during mitosis. (A and B) Prophase cells from the root tips of the
control (A) (the transgene-negative lines were treated as the control) and a zmknl1 knockout mutant (B). (C and D) Representative chromosome congression
in root-tip meristem cells during early growth in the control (C) and zmknl1 knockout mutant (D). Arrows indicate unaligned chromosomes. Tubulin signals
are shown in green. DAPI-stained chromosomes are shown in blue. (Scale bar, 10 μm.)
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the BMF recruitment region detected in maize shows significant
variation in eudicots (SI Appendix, Fig. S4). We mutated the rel-
atively conserved amino acids in the 145 aa region between
monocots and eudicots, and these mutations show no effect on the
interaction with ZmBmf1/2, suggesting that the conserved residues
in this region between monocots and eudicots are not involved
with the interaction with the BMF proteins. Recently, a MELT-
like motif was predicted at the N terminus of Knl1 in all flowering
plants, which was not involved in the 145 aa region of ZmKnl1
(49). This MELT-like motif may participate in the recruitment of
BMF proteins in eudicots. These results suggest that different
mechanisms exist for the connection of the SAC to kinetochores in
flowering plants, and they need further studies in other plant
systems.
The reason for the high degree of divergence with Knl1 pro-

teins (rather than Ndc80 or Mis12 proteins) among species is
currently unclear. Perhaps the intrinsically disordered nature of
Knl1 provides a greater interaction surface and local conformational

flexibility for the binding of multiple proteins (50–52). Compara-
tive genomics of the kinetochore network in eukaryotes revealed
that various kinetochore components have coevolved (10). The
rapid evolution of plant Knl1 proteins might have induced the
corresponding evolution of their partner proteins, thus mediating
the emergence of new functions for these proteins or vice versa.
Bub3 does not interact with Knl1 and Bmf1/2/3 in maize (SI Ap-
pendix, Fig. S3), suggesting that the role of Bub3 might have di-
verged in plants. Perhaps Bub3 is not involved in the checkpoint
mechanism in plants, leading to the loss of interaction with the
kinetochore scaffold protein Knl1. Conversely, perhaps the di-
vergence of the Knl1 protein in plants has led to the loss of in-
teraction with some SAC proteins and ultimately led to the loss of
SAC function for Bub3. The plant SAC checkpoint system is in-
volved in various activities, in addition to regulating chromosome
segregation, such as various cellular and developmental processes
(30). A recent study in Arabidopsis revealed that plant Bub3
functions in MAP65-3–dependent microtubule reorganization

Fig. 6. ZmKNL1 Mu–insertion mutants display defective kernel development. (A) The Mu insertion in UFMu-06469 is located in the first exon of zmknl1. (B)
Mature ear of a heterozygous zmknl1 mutant. Arrow indicates a homozygous UFMu-06469 (zmknl1) kernel. Red arrowheads indicate homozygous zmknl1
kernels. (Scale bar, 1 cm.) (C) WT (Left three) and zmknl1 (Right three) kernels at 25 DAP. (D) Comparison of germination in three WT (Left) and three zmknl1
(Right) seeds at 5 d after germination. (Scale bar, 1 cm.) (E) The chromosome behavior of endosperm cells in the WT and zmknl1 at 14 DAP at anaphase. The
lagging chromosomes in the mutant are indicated by arrows. (Scale bar, 10 μm.)
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during cytokinesis (31). The cell-cycle–dependent kinetochore
localization of Bub3 signals have been observed during mitosis and
meiosis in maize, suggesting another kinetochore receptor may
exist for ZmBub3 (9). This is future work to be explored.
We compared the conserved domains of Knl1 and SAC

components between humans and maize and described the ar-
chitecture of plant Knl1 and SAC signaling based on current and
previous findings (Fig. 7). The presence of a kinase domain in
maize Bmf1 suggests that this protein has a phosphorylation
function; indeed, Bmf1 functions in the phosphorylation of his-
tone H2A in rice and maize (9, 48). Furthermore, the canonical
Bub3-binding GLEBS domains have been lost in all plant BMF
proteins, indicating that these proteins do not interact with Bub3,
as confirmed by Y2H in this study (SI Appendix, Fig. S3B). The
cell-cycle–dependent kinetochore localization of Bub3 signals
has been observed during mitosis and meiosis in maize (9), which
is a classical feature of the SAC signaling. However, of the three
Bub3 homologs in Arabidopsis, none localized on the kineto-
chore (29). No interaction between Knl1 and Bub3 was detected
in maize, raising the question of how maize Bub3 is recruited to
the kinetochore. The plant BMF proteins both contain the TPR
domain as in humans, whereas not all of the BMF proteins
retained the interaction with Knl1, and even different mechanisms

were adopted for the interaction of Knl1 with the retained BMF
protein in plant lineages. The BMF recruitment region in maize
Knl1 shows considerable variation in the eudicots that we exam-
ined, suggesting that distinct kinetochore architectures are present
in different plant species. These results shed light on this in-
triguing protein in plants and establish a paradigm of divergence
and conservation between rapidly evolving kinetochore partners
during evolution.

Materials and Methods
Plant Materials and Growth Conditions. All maize (Zea mays L.) plants used in
this study were grown in a greenhouse or in the field. Root tips and pollen
mother cells from various lines were used for cytological analysis. The Knl1
Uniform Mu mutant line UFMu-06469 were kindly provided by the Maize
Genetics Cooperation Stock Center (University of Illinois).

Cloning Full-Length Knl1 Complementary DNA (cDNA) and RT-PCR Analysis.
Total RNA was isolated from young leaf tissue of the B73 inbred line using
TRIzol reagent (Invitrogen). cDNA was synthesized from 2 μg total RNA
template via reverse transcription using random primers. Specific primer
pairs were used to amplify full-length ZmKnl1 cDNA (Dataset S4). The PCR
amplification products were cloned into the pEASY vector (TransGen Biotech
Co., Ltd.) and confirmed by Sanger sequencing. For RT-PCR, total RNA was
harvested from various tissues, as mentioned above, and 2 μg total RNA was
used for cDNA synthesis. The expression levels of ZmKnl1 in different tissues
were measured by RT-PCR, with Actin used as the control gene.

Y2H Assays and Plasmid Constructs. The Y2H assay was performed according
to the manufacturer’s instructions using plasmids pGBKT7 and pGADT7
(Matchmaker Two-Hybrid System, Clontech Laboratories Inc., Catalog No.
630445). The constructs were transformed into the yeast strain AH109. All
the cDNA fragments used were amplified by PCR using specific primer pairs
(Dataset S4). Point mutations were introduced into pGBKT7-ZmBmf1,
pGBKT7-ZmBmf2, and pGAD-ZmKnl1-M8 by site-directed mutagenesis
(Tiangen Biotech Co., Ltd., Catalog No. KM101). The sequences of all plasmid
vectors were verified by DNA sequencing. All plasmid clones were prepared
for sequence analysis using a TIANprep Mini Plasmid Kit according to the
manufacturer’s instructions (Tiangen Biotech Co., Ltd, Category No. DP103).
The bacterial strain DH5α (Escherichia coli) was used for conventional
cloning.

Luciferase Complementation Image Assay (LCI). The constructs of ZmBmf1/2-
NLUC and ZmKnl1-M8-CLUC were performed using EasyGeno Assembly
Cloning kit (Tiangen Biotech Co., Ltd.). The LCI assay was adopted from a
previous method (53). The luciferase images were captured using the low-
light–cooled, charge-coupled device imaging apparatus (NightOWL II LB983,
Berthold Technologies). At least three independent repetitions were per-
formed for each experiment.

Protein Annotation, Sequence Alignment, and Phylogenetic Analysis. The
coiled-coil domain was predicted using the tool available at the Pole Bio-
informatique Lyonnais website (https://prabi.ibcp.fr/htm/site/web/home).
The protein disorder tendency of ZmKnl1 was predicted with FoldIndex (54).
The hydropathicity of amino acid was predicated with ProtScale tool with
Hphob./Kyte and Doolittle profile (55). The protein structure prediction was
performed with the Raptorx server (44).

The Knl1 genes in plants were detected using the NCBI protein database
with BLAST or the HMM profiles. The HMM profiles were constructed from
the full-length alignment and separate profiles with well-annotated do-
mains (36). Multiple alignments of full-length Knl1 protein sequences from
different species were performed using Multiple Sequence Alignment Pro-
gram with default parameters (56). The alignment results without gaps were
used for generating the phylogenetic tree with IQ-Tree software using the
maximum likelihood method based on the JTT+F+R4 model (57). The display,
annotation, and management of the phylogenetic tree were constructed
with Interactive Tree of Life (58). The accession numbers of ZmBmf1, ZmBmf2,
ZmBmf3, and ZmBub3 are XP_008650955, XP_008681224, XP_008662383,
EU971378.1, and NP_001149777, respectively.

Antibody Production. To generate anti-ZmKnl1 antibodies, peptides corre-
sponding to the C terminus of ZmKnl1 (RKGNAGRRDGDEATRS) were generated.
The peptides used to raise maize anti-ZmNdc80 and anti-ZmMis12 antibodies
were described previously (34). Keyhole limpet hemocyanin–conjugated

Fig. 7. Models of the architecture of Knl1 with SAC signaling in humans
and plants. (A) Comparison of the domains of Knl1 proteins and the archi-
tecture with SAC signaling between humans (H. sapiens) and maize (Z. mays).
In humans, Knl1 MELT repeats cooperate with KI motifs to recruit SAC
signals (Bub1, BubR1, and Bub3). In maize, the MELT repeats of Knl1 are lost,
and a 145 aa region in the middle of Knl1 participates in interaction with
Bmf1 and Bmf2 in maize. However, no interaction was detected between
Knl1 and Bmf3 or Bub3. Different-colored rectangles on Knl1 represent the
MELT, KI1, KI2, BMF (BMF-binding domain), coiled-coil (CC), and RWD do-
main. The solid lines represent detected interaction with the Y2H system. (B)
Cell-cycle–dependent kinetochore localizations of Bmf1 and Bub3 were de-
tected in maize, a typical feature of SAC signaling. The TPR domains of Bmf1
and Bmf2 are required for their interaction with Knl1. How Bub3 is recruited
to the kinetochore and the role of Bmf3 in maize remains unknown.
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peptides were injected into rabbits, mice, and guinea pigs. The anti-ZmKnl1,
anti-ZmNdc80, and anti-ZmMis12 polyclonal antibodies were affinity purified
using peptides conjugated to SulfoLink Coupling Resin provided by GL
Biochem. The mouse monoclonal anti-tubulin antibody was obtained from
MilliporeSigma (Catalog No. DAM1501783). The anti-ZmBmf1 antibody was
described previously (9).

Genotyping of Maize Mu Mutants. Genomic DNA was extracted from various
maize lines using the CTAB method (59). The ZmKnl1 homozygous Mu
mutants were genotyped using the primer pair Knl1-F/Knl1-R (Dataset S1).
Primer pair Knl1-F/Knl1-R produced a 1,314 bp band in the WT; primer pair
Knl1-R/Mu-TIR produced a single band of ∼1,128 bp in the ZmKnl1
homozygous mutant.

Agrobacterium-Mediated Maize Transformation. A high-efficiency DPC CRISPR/
Cas9–mediated genome editing system for targeted editing of ZmKnl1 was
designed as described (45). Maize Hi-II seeds were planted in the field, and
the immature embryos were used for Agrobacterium-mediated transfor-
mation, as previously described (60). Tissue culture was performed in growth
chambers in the dark. Regenerated plants were grown in growth chambers
under a 16 h light/8 h dark cycle at 25 °C. The primer pair Cas9-F/Cas9-R
(Dataset S4) was used to identify positive transgenic plants. For the PCR-RE
assay, ∼500 ng purified PCR product per sample covering the target site was
digested with Pvu-II (New England Biolabs).

Immunolocalization and Image Processing. Root-tip and pollen mother cell
tissues were fixed in 4% formaldehyde for 2 h and washed three times with
1× phosphate-buffered saline solution. Immunostaining of mitotic and
meiotic cells was performed as described (61) using maize monoclonal an-
tibodies against ZmKnl1, ZmNdc80, ZmMis12, ZmBmf1, and alpha tubulin, as
mentioned above. The samples were observed by confocal microscopy (Zeiss

Cell Observer SD), and the images were processed with ZEN 2009 Light
Edition (Zeiss) and Adobe Photoshop CS 6.0.

RNA Extraction and RNA-Seq. Total RNA was extracted from zmknl1 or WT
kernels from 14 DAP (10 to 20 kernels per sample) using TRIzol reagent. The
seed coat was removed from each seed, and two independent biological
replicates from different ears were used for analysis. The cDNA libraries
were constructed following standard Illumina protocols and sequenced on
the Illumina HiSEq. 2500 platform by Berry Genomics Co. Ltd. Sequencing
reads were trimmed using Trimmomatic (version 0.36) (62) and mapped to
the B73 RefGen_version 3.31 sequence using hisat2 (version 2.0.1 beta) (63).
HTseq-count was used to count the reads of all annotated genes (64). Sig-
nificant DEGs were identified using the DESeq2 package (65) with the
thresholds q-value < 0.05 and log2 (fold change) > 1.5. GO annotation was
performed using web-based agriGO version 2.0 (66). Semantic similarity-
based scatter plots of the functionally enriched GO terms in the biological
processes category were produced using REViGO (67) (revigo.irb.hr/).

Data Availability. The RNA-Seq data sets have been submitted to the NCBI
Gene Expression Omnibus under accession number GSE124245. All other
study data are included in the article and/or supporting information.
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