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ABSTRACT

Plant microtubules (MTs) form highly dynamic and distinct arrays throughout the cell cycle and are
essential for cell and organ morphogenesis. A plethora of microtubule associated-proteins (MAPs), both
conserved and plant-specific, ensure the dynamic response of MTs to internal and external cues. The
MAP215 family MT polymerase/nucleation factor and the MT severing enzyme katanin are among the
most conserved MAPs in eukaryotes. Recent studies have revealed unexpected functional and physical
interactions between MICROTUBULE ORGANIZATION 1 (MOR1), the Arabidopsis homolog of MAP215, and
KATANIN 1 (KTN1), the catalytic subunit of katanin. In this minireview, we provide a short overview on
current understanding of the functions and regulations of MOR1 and katanin in cell morphogenesis and

plant growth and development.

Plant microtubule (MT) cytoskeleton plays vital roles in cell
division and cell morphogenesis. MTs form distinct types of
arrays at different stages of the plant cell cycle. In interphase
cells, cortical MT (cMT) arrays are closely associated with the
plasma membrane and are generally believed to guide the
movement of the cellulose synthase and direct the deposition
of cellulose microfibrils."”* During cell division, three types of
MTs arrays, the preprophase band (PPB), the spindle, and the
phragmoplast MT arrays are observed in plants.” The PPB is
a ring-like structure encircling the nucleus at the preprophase
and forecasts the position of the incipient cell division plane.*
In plant cell cytokinesis, phragmoplast MT arrays, which are
short MT bundles formed on each side of the division plane,
facilitate the delivery of vesicles for the formation of the cell
plate and the future cell wall.” Notably, the PPB and the
phragmoplast are unique to land plants and may represent
evolutionary novelties for plant terrestrialization.®

The sessile life style of plants necessitates dynamic and
robust responses of MT arrays to developmental, hormonal,
and environmental signals.” The dynamic properties of MTs
are regulated by a plethora of microtubule-associated proteins
(MAPs), defined as proteins that directly bind to MTs.” Some
highly conserved MAPs, such as the MT polymerase/nuclea-
tion factor XMAP215 family protein and the MT severing
complex katanin, are present in plants.* '® Moreover,
a growing list of plant-specific MAPs, such as the MAP65
family and the IQD family, has been recognized as important
regulators of MT dynamics in plants.”''™"> These findings
suggest that MT dynamics are governed by both conserved
and novel regulatory mechanisms in plants. Although tremen-
dous progress has been made toward the understanding of the
function of plant MAPs, our knowledge of the genetic,
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functional, and physical interaction network of plant MAPs
remains limited.

XMAP215 (Xenopus microtubule assembly protein of 215
kD), the founding member of the MAP215 family, was origin-
ally purified from Xenopus egg extracts, and XMAP215 homo-
logs have since been identified in many eukaryotic
organisms.'* In Arabidopsis, MICROTUBULE
ORGANIZATION 1 (MOR1) encodes the MAP215 homolog.8
MORI1/MAP215 homologs contain tandem repeats of tubulin-
binding TOG domains in their N-termini and a less conserved
basic C-terminal region.'> Functionally, XMAP215 acts as an
MT polymerase as it tracks the plus-end of MTs and is able to
drastically increase the rate of MT polymerization in vitro and
in vivo.'® In addition, studies in yeasts, Xenopus, and mamma-
lian cells also showed that XMAP215 homologs participate in
MT nucleation.'”””"” TOG domains are essential for MT
nucleation and the MT polymerase activity of XMAP215
while the C-terminus of XMAP215 mediates its interaction
with y-tubulin in the y-tubulin ring complex.”” In
Arabidopsis, the C-terminal GFP fusion of a truncated
MORI containing the first two TOG domains (TOG12-GFP)
was able to bind to MTs.** We have recently found that the
C-terminal region of MORI interacted with the p60 catalytic
subunit of the MT severing enzyme katanin.*!

MORI is an essential gene in Arabidopsis and hypomorphic
alleles of MORI have played critical roles in elucidating MOR1
functions. Initially, viable alleles of MORI were identified in
a pioneering genetic screen for mutants with aberrant MT
organizations at elevated temperature.® Temperature-sensitive
alleles of MORI, including morl-1 (L174F) and morl-2
(E195K), were indistinguishable from the wild type (WT) at
the permissive temperature of 21°C.® However, at 29°C, while
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WT cells maintained intact cMT arrays, cMTs were fragmen-
ted and disorganized in morI-1.> Moreover, aberrant PPB and
phragmoplast MT arrays were common and the duration of
mitosis was significantly increased in morl-1 at 31°C, which
led to mispositioned cell plate and cell wall.** These abnorm-
alities in MT arrays at high temperature led to severely stunted
growth and left-handed spiral growth in mor1-1.* In addition
to MT defects, morI-1 also showed hypersensitivities to micro-
filament (MF)-destabilizing drugs latrunculin B and
Cytochalasin D, suggesting that MOR1 is involved in the cross-
talk between MFs and MTs.>> Knockout alleles of MORI were
isolated as gemini pollenl (gem1) mutants based on their severe
defects in pollen development.”*** In gem! mutants, mis-
guided phragmoplasts in post-meiotic cytokinesis of micro-
spores caused the formation of ectopic cell walls, altered
pollen cell fate, and infertility.””> An additional hypomorphic
allele of MORI, root initiation defective 5 (rid5) (R96C), was
isolated based on genetic screens for mutants with decreased
ability to form adventitious roots from hypocotyl explants.*® At
the restrictive temperature of 28°C, a higher concentration of
auxin was needed for the formation of adventitious roots in
rid5 than in the WT, suggesting that MORI plays a role in
auxin-regulated processes.”® Recently, we have identified viable
morl alleles, morl-10 (E1254K) and morI-11 (E224K), through
genetic screens for mutants with increased sensitivity to the
MT-destabilizing drug propyzamide.”’ Under propyzamide
treatment, the elongation of root cells and the orientation of
cell division planes in the root meristem were more severely
affected in morl-10 than in the WT.*' Closer examination of
the MT arrays during cell division revealed that propyzamide
treatment led to higher frequencies of aberrant PPB, spindle,
and phragmoplast MT arrays in morl-10 than in the WT.*!
Interestingly, morl-10 showed a left-handed spiral growth
pattern and abnormal pavement cell morphology under nor-
mal growth conditions, in contrast to morl-1 and morl-2.>!
Taken together, these findings suggest that MORI activity is
critical for MT organizations, as well as plant cell and organ
morphogenesis.

Understanding the dynamic MT localization patterns of
MAPs provides invaluable information on MAP functions.
Immunofluorescence studies of MORI localizations using dif-
ferent MOR1 antibodies yielded important, albeit inconsistent
findings on the dynamics of MOR1 localization, and the lack of
functional MOR1-GFP fusion in planta has long hampered the
elucidation of MOR1 function.”*?* The recently reported func-
tional MOR1-GFP fusion revealed that MOR1-GFP predomi-
nantly tracked the plus-ends of cMTs, with also a weaker
association with the cMT lattice in interphase cells
(Figure 1a).”! In addition, MOR1-GFP localized to the nuclea-
tion site prior to MT branching and subsequently tracked the
plus-ends of emerging new MTs (Figure 1a).>' In hypomorphic
morl-10 mutants, compromised plus-end dynamics including
slower growth rate and longer pause periods were observed
under both control and propyzamide treatment, supporting
a role for MORI in regulating cMT plus-end dynamics.”'
Consistently, plus-end dynamics and the association of EB1
at cMT plus-ends were also reduced in morI-1 at the restrictive
temperature of 31°C.”” Intriguingly, in dividing cells, MORI1-
GFP signals were distributed relatively evenly on the PPB, the

spindle, and the phragmoplast MT arrays, in contrast to the
preferential plus-end localization pattern on cMTs (Figure 1b-
1d).*" These findings suggest distinct regulatory mechanisms
controlling the MT localization patterns of MORI in inter-
phase and dividing cells.

MT severing enzymes are another important category of
MAPs that modulate the MT dynamics through disassembling
MTs using energy from ATP hydrolysis.”® Initially purified
from sea urchin eggs, katanin is the first discovered MT-
severing enzyme, composed of the p60 catalytic subunit and
the p80 regulatory subunit.”” The p60 subunit, containing an
AAA-type ATPase domain in the C-terminus and an MT-
interacting and trafficking (MIT) domain in the N-terminus,
is able to sever MTs in vitro and its ATPase activity is stimu-
lated by MTs.”>*" The p80 subunit has an N-terminal WD40
domain and a C-terminal conserved p80 domain (p80-CTD)
and promotes the centrosome localization and MT-binding of
p60 in animal cells.” Structural analyses using X-ray crystal-
lography and cryo-EM revealed that the katanin complex is
a hexamer which cycles between open spiral and closed ring
conformations depending on the ATP-binding state.’”
Moreover, the interaction between katanin subunits was
mediated by p80-CTD and p60-MIT.>* The p60-MIT:p80-
CTD complex can also assemble into heterotetramers, and
this heterotetramer form of katanin affected its MT-binding
preference, suggesting that katanin complexes may exist in
different oligomeric forms with distinct functional
properties.”

Homologs of katanin subunits have also been identified in
plants.’® In Arabidopsis, a single copy gene, KATANIN I
(KTN1) encodes the p60 subunit while four homologous
genes (KTN80.1, KTN80.2, KTN80.3, and KTN80.4) code for
the p80 subunit.'™" Live imaging of cMTs has revealed that
severing occurs mostly at the MT branching and crossover sites
in Arabidopsis.”>*® Dual-imaging of GFP-KTN1 and mRFP-
labeled cMTs revealed that KTN1 is recruited to cMT crossover
and branching sites (Figure 1a).>>”® The likelihood of cMT
severing is influenced by the stability of the cMT crossover
and the dwelling time of KTN1 at the crossover/branching
site.”® KTNT1 has distinct and dynamic MT localization patterns
during cell division.”"”” In dividing cells, GFP-KTN1 signals
are evenly distributed on PPB MTs, but are specifically
enriched at the distal ends (minus-ends) of phragmoplast
MTs (Figures 1b and 1d).*"*” Compared with the prominent
signals of GFP-KTNI1 on PPB and phragmoplast MTs, spindle-
localized GFP-KTNI signals are minimal.?"*” However, con-
sidering the spindle defects found in ktnI mutants, it is possible
that a small amount of KITN1 may also associate with spindle
MTs (Figure 1c).*®

MT severing serves as a means to generate new MTs and is
necessary for the reorientation of cMT arrays in response to
environmental signals.”*° It is also well established that kata-
nin-mediated severing is required for the release of minus-ends
of daughter MTs from the branching sites, where new MTs are
nucleated in plant cells.”>® The development of super-
resolution imaging protocols for plant MTs also helped to
offer more details on the role of KTN1 in MT organization in
both interphase and dividing cells.”®*'"** In Arabidopsis, loss-
of-function mutants of KTNI showed abolished severing of
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Figure 1. Dynamic localizations of MOR1 and KTN1 at different stages of plant cell cycle.?’ A, In interphase cells, MOR1 is enriched at plus-ends of cMTs and also
binds to cMT lattice. MOR1 facilitates the recruitment of KTN1 to cMT crossover/branching sites where cMTs are severed by katanin. B-D, During cell division, MOR1 and
KTN1 are required for the organization of PPB and phragmoplast MT arrays. MOR1 is evenly distributed on PPB, spindle, and phragmoplast MT arrays. KTN1 is
prominently associated with PPB and enriched at the distal ends of phragmoplast MTs while low abundance of KTN1 is found on spindle MTs.

cMTs, increased occurrence of incomplete PPBs, abnormalities
in the movement of the spindle and the phragmoplast, longer
durations of mitosis and cytokinesis, and defects in cell plate
formation.”"?**%** At the cellular and organismal level,
mutants of KTNI showed a spectrum of developmental defects
associated with compromised MT organization, cell elonga-
tion, and cell division, including small plant statues, altered
pavement cell, trichome and conical cell morphology, cell wall
and root hair defects, misguided pollen tube growth, reduced
fertility and seed set, and abnormal stomatal patterning.”'**>~
>* Robust responses of plants to hormonal and environmental
cues also required KTN1.>*>>>° For example, blue light-
induced reorganization of cMT arrays and phototropic growth
were found to be defective in ktnl mutants.’® Despite the
critical roles of katanin, recent findings also suggested
a katanin-independent MT array reorganization mechanism
in Arabidopsis.”> When Arabidopsis seedlings were germi-
nated on agar surface, KIN1 was required for reorganizing
cMTs to form the apical hook.®” However, hook formation

defects in ktnl mutant can be rescued when seedlings were
germinated within soil and subjected to external mechanical
constraints, suggesting that mechanical force can drive MT
array reorganization in a katanin-independent manner.®’
Arabidopsis p80 is required for recruiting p60 to the cMT
crossover/branching sites, and the disruption of all four p80
coding genes in Arabidopsis led to mutant phenotypes that
were highly reminiscent of ktnI mutants, indicating that both
subunits are indispensable for the severing activity of the
katanin complex.'”

Given the critical functions of katanin, it is not surprising
that the severing activity of katanin is intimately regulated in
plants. SPIRAL2 (SPR2), a plant-specific MAP, has been shown
to accumulate at cMT crossover sites and prevent KTN1-
mediated severing in Arabidopsis pavement cells.®’ In contrast,
areduced severing frequency was reported in hypocotyl cells in
spr2-2 mutants, suggesting that SPR2 is a positive regulator of
cMT severing.®* It has been suggested that SPR2 can localize to
and stabilize cMT minus-ends, thus increasing the lifetime of
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crossovers and the likelihood of severing at crossovers.®> Plus-
end dynamics also regulates cMT severing. The localization of
CLIP-Associating Protein (CLASP), a well-conserved MAP, to
the newly generated cMT plus-ends after severing prevented
the shrinkage of plus-ends, which facilitated the amplification
and reorientation of cMT arrays through katanin-mediated
severing.”> The recruitment of katanin to ¢cMT branching
sites, but not crossover sites, required homologs of
a conserved centrosomal MT-anchoring complex Msdl-
Wdr8 in Arabidopsis.64 In wdr8 mutants, branched cMTs
were observed to detach from the branching sites in the
absence of katanin and the loss of Msdl or Wdr8 could par-
tially rescue the cell elongation defects of ktnl in msdla msdl1b
ktnl triple mutants and wdr8 ktnl double mutants,
respectively.®* The augmin complex has been reported to
antagonize katanin-mediated cMT severing in pavement
cells.®® Localization of augmin to cMT crossover sites stabilized
these sites and prevented the severing by katanin.®® Moreover,
KTNT1 interacts directly with multiple factors to coordinate
cMT severing and the formation of highly ordered transverse
parallel MT arrays. In pavement cell morphogenesis, KITN1
was required for Rho-GTPase ROP6 and its effector RIC1 to
promote the formation of highly ordered parallel cMT arrays
in the neck region.*” Mechanistically, RIC1 directly interacted
with KTN1 and promoted the severing activity of KTN1.** In
an Arabidopsis gain-of-function mutant abnormal shoot6-1D
(abs6-1D), an increased cMT severing frequency correlated
with highly ordered transverse parallel cMT arrays in pave-
ment cells, highly elongated pavement cells, and an overall
elongated plant organ shape.”> ABS6 encodes a member of
the 1Q67 domain (IQD) family MAP, IQD16, that directly
interacted with KTN1 and promoted the recruitment of
KTN1 to the cMT crossover/branching sites.”> Another mem-
ber of the Arabidopsis IQD family, IQD21, was also reported to
interact with KTN1 and promote KTN1-mediated cMT sever-
ing to modulate the formation of pavement cell indentations.*®
During cytokinesis, the enrichment of KTN1 at the distal ends
of the phragmoplast required CORD4 and CORD5, members
of a plant-specific MAP family, and abnormally long and
oblique phragmoplast MTs and delayed centrifugal expansion
of phragmoplasts were observed in cord4 cord5 double
mutants.’” Recently, KITN1 has been shown to interact with
subunits of PP2A, a conserved protein phosphatase complex,
and the dephosphorylation of KTN1 by PP2A stabilized
KTN1.” Unexpectedly, a direct interaction between KTN1
and the carboxyl region of MORI was reported.”’
Consistently, double mutants of MORI and KTNI showed
enhanced defects in anisotropic cell expansion and the orienta-
tion of cell division planes, supporting a functional link
between MORI and KTN1.>"*® Interestingly, while MORI-
mediated plus-end dynamics was not affected in ktn1 mutants,
reduced severing frequency and delayed recruitment of KTN1
to the cMT crossover/branching sites were observed in morl-
10, indicating that MORI is a positive regulator of KTN1-
mediated cMT severing.”'

With the tremendous progress in plant MT research, we are
beginning to appreciate the intricate functional network of
plant MAPs in regulating MT dynamics to ensure develop-
mental plasticity and robust response to the ever-changing

environment. On one hand, consider the significant differences
between MT organizations in plant and animal cells, it would
not be surprising to discover unexpected functional interac-
tions between conserved MAPs in plants. On the other hand,
the expanding complement of plant-specific MAPs provides
novel regulatory components to MT regulatory networks.
Future studies on the genetic, physical, and functional interac-
tions of plant MAPs will likely uncover new paradigms in the
regulation of plant MT cytoskeleton.

Acknowledgments

We apologize to colleagues whose work we were not able to cite due to
space limitations. This work was supported by grants from the National
Natural Science Foundation of China (31870268 to F.Y. and 31970186 to
X.L.), and Natural Science Basic Research Program of Shaanxi (2021JC-17
to X.L.).

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This work was supported by the National Natural Science Foundation of
China [31870268]; National Natural Science Foundation of China
[31970186]; Natural Science Basic Research Program of Shaanxi
Province [2021JC-17].

ORCID

Xiayan Liu (/2) http://orcid.org/0000-0003-4211-1668
Fei Yu (1) http://orcid.org/0000-0001-6216-7066

References

1. Paredez AR, Somerville CR, Ehrhardt DW. Visualization of cellu-
lose synthase demonstrates functional association with
microtubules. Science. 2006;312(5779):1491-1495. do0i:10.1126/
science.1126551.

2. Gutierrez R, Lindeboom JJ, Paredez AR, Emons AM,
Ehrhardt DW. Arabidopsis cortical microtubules position cellulose
synthase delivery to the plasma membrane and interact with cellu-
lose synthase trafficking compartments. Nat Cell Biol. 2009;11
(7):797-806. doi:10.1038/ncb1886.

3. Lloyd C, ChanJ. Microtubules and the shape of plants to come. Nat
Rev Mol Cell Biol. 2004;5(1):13-22. doi:10.1038/nrm1277.

4. Livanos P, Muller S. Division Plane Establishment and Cytokinesis.
Annu Rev Plant Biol. 2019;70(1):239-267. doi:10.1146/annurev-
arplant-050718-100444.

5. Buschmann H, Muller S. Update on plant cytokinesis: rule and
divide. Curr Opin Plant Biol. 2019;52:97-105. do0i:10.1016/j.pbi.
2019.07.003.

6. Nishiyama T, Sakayama H, de Vries J, Buschmann H, Saint-
Marcoux D, Ullrich KK, Haas FB, Vanderstraeten L, Becker D,
Lang D, et al. The chara genome: secondary complexity and impli-
cations for plant terrestrialization. Cell. 2018;174(2):448-464.
doi:10.1016/j.cell.2018.06.033.

7. Hamada T. Microtubule organization and microtubule-associated
proteins in plant cells. Int Rev Cell Mol Biol. 2014;312:1-52.

8. Whittington AT, Vugrek O, Wei KJ, Hasenbein NG, Sugimoto K,
Rashbrooke MC, Wasteneys GO. MORLI is essential for organizing
cortical microtubules in plants. Nature. 2001;411:610-613.


https://doi.org/10.1126/science.1126551
https://doi.org/10.1126/science.1126551
https://doi.org/10.1038/ncb1886
https://doi.org/10.1038/nrm1277
https://doi.org/10.1146/annurev-arplant-050718-100444
https://doi.org/10.1146/annurev-arplant-050718-100444
https://doi.org/10.1016/j.pbi.2019.07.003
https://doi.org/10.1016/j.pbi.2019.07.003
https://doi.org/10.1016/j.cell.2018.06.033

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Bichet A, Desnos T, Turner S, Grandjean O, Hofte H. BOTEROLI is
required for normal orientation of cortical microtubules and ani-
sotropic cell expansion in Arabidopsis. Plant J. 2001;25:137-148.
Burk DH, Liu B, Zhong R, Morrison WH, Ye ZH. A katanin-like
protein regulates normal cell wall biosynthesis and cell elongation.
Plant Cell. 2001;13:807-827.

Biirstenbinder K, Méller B, Plotner R, Stamm G, Hause G, Mitra D,
Abel S. The IQD family of calmodulin-binding proteins links
calcium signaling to microtubules, membrane subdomains, and
the nucleus. Plant Physiol. 2017;173(3):1692-1708. doi:10.1104/
pp.16.01743.

Wang C, Liu W, Wang G, Li ], Dong L, Han L, Wang Q, Tian ],
Yu Y, Gao C, et al. KTN8O confers precision to microtubule
severing by specific targeting of katanin complexes in plant cells.
EMBO J. 2017;36(23):3435-3447. doi:10.15252/embj.201796823.
LiuH, Cao Y, Zhang W, Liu Z, Li Y, Chen Y, Zhang H, Yu F, Liu X.
The wheat TaIQD3D-6 gene encodes a microtubule-associated
protein and regulates cell morphogenesis in Arabidopsis. Plant
Sci. 2022;324:111420. doi:10.1016/j.plantsci.2022.111420.
Tournebize R, Popov A, Kinoshita K, Ashford AJ, Rybina S,
Pozniakovsky A, Mayer TU, Walczak CE, Karsenti E,
Hyman AA, et al. Control of microtubule dynamics by the antag-
onistic activities of XMAP215 and XKCM1 in Xenopus egg
extracts. Nat Cell Biol. 2000;2(1):13-19. do0i:10.1038/71330.
Widlund PO, Stear JH, Pozniakovsky A, Zanic M, Reber S,
Brouhard GJ, Hyman AA, Howard J. XMAP215 polymerase activ-
ity is built by combining multiple tubulin-binding TOG domains
and a basic lattice-binding region. Proc Natl Acad Sci U S A.
2011;108(7):2741-2746. doi:10.1073/pnas.1016498108.

Brouhard GJ, Stear JH, Noetzel TL, Al-Bassam J, Kinoshita K,
Harrison SC, Howard J, Hyman AA. XMAP215 is a processive
microtubule polymerase. Cell. 2008;132(1):79-88. doi:10.1016/j.
cell.2007.11.043.

Flor-Parra I, Iglesias-Romero AB, Chang CF. The XMAP215
Ortholog Alpl4 Promotes Microtubule Nucleation in Fission
Yeast. Curr Biol. 2018;28(11):1681-1691. doi:10.1016/j.cub.2018.
04.008.

Gunzelmann J, Ruthnick D, Lin TC, Zhang W, Neuner A, Jakle U,
Schiebel E. The microtubule polymerase Stu2 promotes oligomer-
ization of the gamma-TuSC for cytoplasmic microtubule
nucleation. Elife. 2018;7:¢39932. doi:10.7554/eLife.39932.
Thawani A, Kadzik RS, Petry S. XMAP215 is a microtubule nuclea-
tion factor that functions synergistically with the gamma-tubulin
ring complex. Nat Cell Biol. 2018;20(5):575-585. doi:10.1038/
s41556-018-0091-6.

Lechner B, Rashbrooke MC, Collings DA, Eng RC, Kawamura E,
Whittington AT, Wasteneys GO. The N-terminal TOG domain of
Arabidopsis MOR1 modulates affinity for microtubule polymers.
J Cell Sci. 2012;125(Pt 20):4812-4821. doi:10.1242/jcs.107045.
Chen Y, Liu X, Zhang W, Li ], Liu H, Yang L, Lei P, Zhang H, Yu F.
MORI/MAP215 acts synergistically with katanin to control cell
division and anisotropic cell elongation in Arabidopsis. Plant Cell.
2022;34(8):3006-3027. doi:10.1093/plcell/koac147.

Kawamura E, Himmelspach R, Rashbrooke MC, Whittington AT,
Gale KR, Collings DA, Wasteneys GO. MICROTUBULE
ORGANIZATION 1 regulates structure and function of microtu-
bule arrays during mitosis and cytokinesis in the Arabidopsis root.
Plant Physiol. 2006;140(1):102-114. doi:10.1104/pp.105.069989.
Collings DA, Lill AW, Himmelspach R, Wasteneys GO.
Hypersensitivity to cytoskeletal antagonists demonstrates micro-
tubule-microfilament cross-talk in the control of root elongation
in Arabidopsis thaliana. New Phytol. 2006;170(2):275-290. doi:10.
1111/j.1469-8137.2006.01671.x.

Park SK, Twell D. Novel patterns of ectopic cell plate growth and
lipid body distribution in the Arabidopsis gemini pollenl mutant.
Plant Physiol. 2001;126(2):899-909. doi:10.1104/pp.126.2.899.
Twell D, Park SK, Hawkins TJ, Schubert D, Schmidt R,
Smertenko A, Hussey PJ. MOR1/GEM1 has an essential role in
the plant-specific cytokinetic phragmoplast. Nat Cell Biol. 2002;4
(9):711-714. doi:10.1038/ncb844.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

PLANT SIGNALING & BEHAVIOR €2171360-5

Konishi M, Sugiyama M. Genetic analysis of adventitious root
formation with a novel series of temperature-sensitive mutants of
Arabidopsis thaliana. Development. 2003;130(23):5637-5647.
doi:10.1242/dev.00794.

Kawamura E, Wasteneys GO. MORI, the Arabidopsis thaliana
homologue of Xenopus MAP215, promotes rapid growth and
shrinkage, and suppresses the pausing of microtubules in vivo.
J Cell Sci. 2008;121(24):4114-4123. do0i:10.1242/jcs.039065.
McNally FJ, Roll-Mecak A. Microtubule-severing enzymes: from
cellular functions to molecular mechanism. J Cell Biol. 2018;217
(12):4057-4069. doi:10.1083/jcb.201612104.

Hartman JJ, Mahr J, McNally K, Okawa K, Iwamatsu A, Thomas S,
Cheesman S, Heuser J, Vale RD, McNally FJ, et al. Katanin, a
microtubule-severing protein, is a novel AAA ATPase that targets
to the centrosome using a WD40-containing subunit. Cell. 1998;93
(2):277-287. doi:10.1016/S0092-8674(00)81578-0.

Hartman JJ, Vale RD. Microtubule disassembly by ATP-dependent
oligomerization of the AAA enzyme katanin. Science. 1999;286
(5440):782-785. doi:10.1126/science.286.5440.782.

Stoppin-Mellet V, Gaillard ], Vantard M. Functional evidence for
in vitro microtubule severing by the plant katanin homologue.
Biochem J. 2002;365(2):1692-1708. doi:10.1042/bj20020689.

Zehr E, Szyk A, Piszczek G, Szczesna E, Zuo X, Roll-Mecak A.
Katanin spiral and ring structures shed light on power stroke for
microtubule severing. Nat Struct Mol Biol. 2017;24:717-725.
Faltova L, Jiang K, Frey D, Wu Y, Capitani G, Prota AE,
Akhmanova A, Steinmetz MO, Kammerer RA. Crystal Structure
of a Heterotetrameric Katanin p60: p80Complex. Structure.
2019;27(9):1375-1383. d0i:10.1016/j.5tr.2019.07.002.

Luptov¢iak I, Komis G, Taka¢ T, Ovecka M, Samaj J. Katanin:
a sword cutting microtubules for cellular, developmental, and
physiological purposes. Front Plant Sci. 2017;8:1982. doi:10.3389/
1pls.2017.01982.

Zhang Q, Fishel E, Bertroche T, Dixit R. Microtubule severing at
crossover sites by katanin generates ordered cortical microtubule
arrays in Arabidopsis. Curr Biol. 2013;23(21):2191-2195. doi:10.
1016/j.cub.2013.09.018.

Nakamura M, Ehrhardt DW, Hashimoto T. Microtubule and
katanin-dependent dynamics of microtubule nucleation complexes
in the acentrosomal Arabidopsis cortical array. Nat Cell Biol.
2010;12(11):4812-4821. doi:10.1038/ncb2110.

Sasaki T, Tsutsumi M, Otomo K, Murata T, Yagi N, Nakamura M,
Nemoto T, Hasebe M, Oda Y. A novel katanin-tethering machin-
ery accelerates cytokinesis. Curr Biol. 2019;29(23):3006-3027.
d0i:10.1016/j.cub.2019.09.049.

Komis G, Luptovéiak I, Ove¢ka M, Samakovli D, gamajové O,
Samaj J. Katanin effects on dynamics of cortical microtubules
and mitotic arrays in Arabidopsis thaliana revealed by advanced
live-cell imaging. Front Plant Sci. 2017;8:866. doi:10.3389/fpls.
2017.00866.

Lindeboom JJ, Nakamura M, Hibbel A, Shundyak K, Gutierrez R,
Ketelaar T, Emons AMC, Mulder BM, Kirik V, Ehrhardt DW, et al.
A mechanism for reorientation of cortical microtubule arrays
driven by microtubule severing. Science. 2013;342(6163):1245533.
doi:10.1126/science.1245533.

Nakamura M. Microtubule nucleating and severing enzymes for
modifying microtubule array organization and cell morphogenesis
in response to environmental cues. New Phytol. 2015;205
(3):1022-1027. doi:10.1111/nph.12932.

Komis G, Mistrik M, Samajova O, Doskodilova A, Ovecka M,
Illés P, Bartek J, Samaj J. Dynamics and organization of cortical
microtubules as revealed by superresolution structured illumina-
tion microscopy. Plant Physiol. 2014;165(1):129-148. doi:10.1104/
pp.114.238477.

Vavrdovd T, Samajové O, Ktenek P, Ovetka M, Flokova P,
Snaurova R, Samaj J, Komis G. Multicolour three dimensional
structured illumination microscopy of immunolabeled plant
microtubules and associated proteins. Plant Methods. 2019;15
(1):22. doi:10.1186/s13007-019-0406-z.


https://doi.org/10.1104/pp.16.01743
https://doi.org/10.1104/pp.16.01743
https://doi.org/10.15252/embj.201796823
https://doi.org/10.1016/j.plantsci.2022.111420
https://doi.org/10.1038/71330
https://doi.org/10.1073/pnas.1016498108
https://doi.org/10.1016/j.cell.2007.11.043
https://doi.org/10.1016/j.cell.2007.11.043
https://doi.org/10.1016/j.cub.2018.04.008
https://doi.org/10.1016/j.cub.2018.04.008
https://doi.org/10.7554/eLife.39932
https://doi.org/10.1038/s41556-018-0091-6
https://doi.org/10.1038/s41556-018-0091-6
https://doi.org/10.1242/jcs.107045
https://doi.org/10.1093/plcell/koac147
https://doi.org/10.1104/pp.105.069989
https://doi.org/10.1111/j.1469-8137.2006.01671.x
https://doi.org/10.1111/j.1469-8137.2006.01671.x
https://doi.org/10.1104/pp.126.2.899
https://doi.org/10.1038/ncb844
https://doi.org/10.1242/dev.00794
https://doi.org/10.1242/jcs.039065
https://doi.org/10.1083/jcb.201612104
https://doi.org/10.1016/S0092-8674(00)81578-0
https://doi.org/10.1126/science.286.5440.782
https://doi.org/10.1042/bj20020689
https://doi.org/10.1016/j.str.2019.07.002
https://doi.org/10.3389/fpls.2017.01982
https://doi.org/10.3389/fpls.2017.01982
https://doi.org/10.1016/j.cub.2013.09.018
https://doi.org/10.1016/j.cub.2013.09.018
https://doi.org/10.1038/ncb2110
https://doi.org/10.1016/j.cub.2019.09.049
https://doi.org/10.3389/fpls.2017.00866
https://doi.org/10.3389/fpls.2017.00866
https://doi.org/10.1126/science.1245533
https://doi.org/10.1111/nph.12932
https://doi.org/10.1104/pp.114.238477
https://doi.org/10.1104/pp.114.238477
https://doi.org/10.1186/s13007-019-0406-z

e2171360-6 (&) X.LIU AND F. YU

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Vavrdova T, Kfenek P, Ovetka M, Samajova O, Flokova P,
Illesové P, Snaurov4 R, Samaj J, Komis G. Complementary super-
resolution visualization of composite plant microtubule organiza-
tion and dynamics. Front Plant Sci. 2020;11:693. doi:10.3389/fpls.
2020.00693.

Panteris E, Kouskouveli A, Pappas D, Adamakis IS. Cytokinesis in
fra2 Arabidopsis thaliana p60-katanin mutant: defects in cell plate/
daughter wall formation. Int J Mol Sci. 2021;22(3):1405. doi:10.
3390/ijms22031405.

Luo D, Oppenheimer DG. Genetic control of trichome branch
number in Arabidopsis: the roles of the FURCA loci.
Development. 1999;126(24):5547-5557. doi:10.1242/dev.126.24.
5547.

Burk DH, Ye Z-H. Alteration of oriented deposition of cellulose
microfibrils by mutation of a katanin-like microtubule-severing
protein. Plant Cell. 2002;14(9):2145-2160. doi:10.1105/tpc.003947.
Webb M, Jouannic S, Foreman J, Linstead P, Dolan L. Cell speci-
fication in the Arabidopsis root epidermis requires the activity of
ECTOPIC ROOT HAIR 3 - a katanin-p60 protein. Development.
2002;129(1):123-131. doi:10.1242/dev.129.1.123.

Bouquin T, Mattsson O, Naested H, Foster R, Mundy J. The
Arabidopsis luel mutant defines a katanin p60 ortholog involved
in hormonal control of microtubule orientation during cell growth.
J Cell Sci. 2003;116(5):791-801. doi:10.1242/jcs.00274.

Lin D, Cao L, Zhou Z, Zhu L, Ehrhardt D, Yang Z, Fu Y. Rho
GTPase signaling activates microtubule severing to promote
microtubule ordering in Arabidopsis. Curr Biol. 2013;23
(4):290-297. d0i:10.1016/j.cub.2013.01.022.

Luptov¢iak I, Samakovli D, Komis G, Samaj J. KATANIN 1 is
essential for embryogenesis and seed formation in arabidopsis.
Front Plant Sci. 2017;8:728. doi:10.3389/fpls.2017.00728.

Ren H, Dang X, Cai X, Yu P, Li Y, Zhang S, Liu M, Chen B, Lin
D. Spatio-temporal orientation of microtubules controls conical
cell shape in Arabidopsis thaliana petals. PLoS Genet. 2017;13(6):
€1006851. doi:10.1371/journal.pgen.1006851.

Riglet L, Rozier F, Kodera C, Bovio S, Sechet ], Fobis-Loisy I, Gaude
T. KATANIN-dependent mechanical properties of the stigmatic
cell wall mediate the pollen tube path in Arabidopsis. Elife. 2020;9:
€57282. doi:10.7554/eLife.57282.

Li Y, Deng M, Liu H, Li Y, Chen Y, Jia M, Xue H, Shao J, Zhao J,
Qi Y, et al. ABNORMAL SHOOT 6 interacts with KATANIN 1
and SHADE AVOIDANCE 4 to promote cortical microtubule
severing and ordering in Arabidopsis. ] Integr Plant Biol. 2021;63
(4):646-661. doi:10.1111/jipb.13003.

Paraskevopoulou D, Anezakis N, Giannoutsou E, Sotiriou P,
Adamakis I-DS. The Stomata of the Katanin Mutants, fra2, luel
and botl. Bio Life Sci Forum. 2021;4:30.

Uyttewaal M, Burian A, Alim K, Landrein B, Borowska-Wykret D,
Dedieu A, Peaucelle A, Ludynia M, Traas J, Boudaoud A, et al.
Mechanical stress acts via katanin to amplify differences in growth
rate between adjacent cells in Arabidopsis. Cell. 2012;149
(2):439-451. doi:10.1016/j.cell.2012.02.048.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Sampathkumar A, Krupinski P, Wightman R, Milani P,
Berquand A, Boudaoud A, Hamant O, Jonsson H,
Meyerowitz EM. Subcellular and supracellular mechanical stress
prescribes cytoskeleton behavior in Arabidopsis cotyledon pave-
ment cells. Elife. 2014;3:e01967. doi:10.7554/eLife.01967.

Yang J, An B, Luo H, He C, Wang Q. AtKATANINI. Int ] Mol Sci.
2019;21(1):138. doi:10.3390/ijms21010138.

Eng RC, Schneider R, Matz TW, Carter R, Ehrhardt DW,
Jonsson H, Nikoloski Z, Sampathkumar A. KATANIN and
CLASP function at different spatial scales to mediate microtubule
response to mechanical stress in Arabidopsis cotyledons. Curr Biol.
2021;31(15):3262-3274. doi:10.1016/j.cub.2021.05.019.

Miao R, Siao W, Zhang N, Lei Z, Lin D, Bhalerao RP, Lu C, Xu W.
Katanin-dependent microtubule ordering in association with ABA
is important for root hydrotropism. Int ] Mol Sci. 2022;23(7):3846.
d0i:10.3390/ijms23073846.

Baral A, Aryal B, Jonsson K, Morris E, Demes E, Takatani S,
Verger S, Xu T, Bennett M, Hamant O, et al. External mechanical
cues reveal a katanin-independent mechanism behind
auxin-mediated tissue bending in plants. Dev Cell. 2021;56
(1):67-80. doi:10.1016/j.devcel.2020.12.008.

Wightman R, Chomicki G, Kumar M, Carr P, Turner SR. SPIRAL2
determines plant microtubule organization by modulating micro-
tubule severing. Curr Biol. 2013;23(19):1902-1907. doi:10.1016/j.
cub.2013.07.061.

Fan Y, Burkart GM, Dixit R. The Arabidopsis SPIRAL2 protein
targets and stabilizes microtubule minus ends. Curr Biol. 2018;28
(6):987-994. doi:10.1016/j.cub.2018.02.014.

Lindeboom JJ, Nakamura M, Saltini M, Hibbel A, Walia A,
Ketelaar T, Emons AMC, Sedbrook JC, Kirik V, Mulder BM,
et al. CLASP stabilization of plus ends created by severing pro-
motes microtubule creation and reorientation. ] Cell Biol. 2019;218
(1):190-205. doi:10.1083/jcb.201805047.

Yagi N, Kato T, Matsunaga S, Ehrhardt DW, Nakamura M,
Hashimoto T. An anchoring complex recruits katanin for micro-
tubule severing at the plant cortical nucleation sites. Nat Commun.
2021;12(1):3687. doi:10.1038/s41467-021-24067-y.

Wang G, Wang C, Liu W, Ma Y, Dong L, Tian ], Yu Y, Kong Z.
Augmin antagonizes katanin at microtubule crossovers to control
the dynamic organization of plant cortical arrays. Curr Biol.
2018;28(8):1311-1317. doi:10.1016/j.cub.2018.03.007.

Feng X, Pan S, Tu H, Huang J, Xiao C, Shen X, You L, Zhao X,
Chen Y, Xu D, et al. IQ67 DOMAIN protein 21 is critical for
indentation formation in pavement cell morphogenesis. ] Integr
Plant Biol. 2022. doi:10.1111/jipb.13393.

Ren H, Rao J, Tang M, Li Y, Dang X, Lin D. PP2A interacts with
KATANIN to promote microtubule organization and conical cell
morphogenesis. ] Integr Plant Biol. 2022;64(8):1514-1530. doi:10.
1111/jipb.13281.

Gorelova V. MORI keeps microtubule severing by KTN1 in the
right tempo. Plant Cell. 2022;34(8):2825-2826. doi:10.1093/plcell/
koac160.


https://doi.org/10.3389/fpls.2020.00693
https://doi.org/10.3389/fpls.2020.00693
https://doi.org/10.3390/ijms22031405
https://doi.org/10.3390/ijms22031405
https://doi.org/10.1242/dev.126.24.5547
https://doi.org/10.1242/dev.126.24.5547
https://doi.org/10.1105/tpc.003947
https://doi.org/10.1242/dev.129.1.123
https://doi.org/10.1242/jcs.00274
https://doi.org/10.1016/j.cub.2013.01.022
https://doi.org/10.3389/fpls.2017.00728
https://doi.org/10.1371/journal.pgen.1006851
https://doi.org/10.7554/eLife.57282
https://doi.org/10.1111/jipb.13003
https://doi.org/10.1016/j.cell.2012.02.048
https://doi.org/10.7554/eLife.01967
https://doi.org/10.3390/ijms21010138
https://doi.org/10.1016/j.cub.2021.05.019
https://doi.org/10.3390/ijms23073846
https://doi.org/10.1016/j.devcel.2020.12.008
https://doi.org/10.1016/j.cub.2013.07.061
https://doi.org/10.1016/j.cub.2013.07.061
https://doi.org/10.1016/j.cub.2018.02.014
https://doi.org/10.1083/jcb.201805047
https://doi.org/10.1038/s41467-021-24067-y
https://doi.org/10.1016/j.cub.2018.03.007
https://doi.org/10.1111/jipb.13393
https://doi.org/10.1111/jipb.13281
https://doi.org/10.1111/jipb.13281
https://doi.org/10.1093/plcell/koac160
https://doi.org/10.1093/plcell/koac160

	Abstract
	Acknowledgments
	Disclosure statement
	Funding
	ORCID
	References

