
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=kpsb20

Plant Signaling & Behavior

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/kpsb20

Microtubule cytoskeleton and mycorrhizal roots

Tania Ho-Plágaro, María Isabel Tamayo-Navarrete & José M. García Garrido

To cite this article: Tania Ho-Plágaro, María Isabel Tamayo-Navarrete & José M. García Garrido
(2022) Microtubule cytoskeleton and mycorrhizal roots, Plant Signaling & Behavior, 17:1,
2031504, DOI: 10.1080/15592324.2022.2031504

To link to this article:  https://doi.org/10.1080/15592324.2022.2031504

© 2022 The Author(s). Published with
license by Taylor & Francis Group, LLC.

Published online: 01 Feb 2022.

Submit your article to this journal 

Article views: 724

View related articles 

View Crossmark data

https://www.tandfonline.com/action/journalInformation?journalCode=kpsb20
https://www.tandfonline.com/loi/kpsb20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/15592324.2022.2031504
https://doi.org/10.1080/15592324.2022.2031504
https://www.tandfonline.com/action/authorSubmission?journalCode=kpsb20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=kpsb20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/15592324.2022.2031504
https://www.tandfonline.com/doi/mlt/10.1080/15592324.2022.2031504
http://crossmark.crossref.org/dialog/?doi=10.1080/15592324.2022.2031504&domain=pdf&date_stamp=2022-02-01
http://crossmark.crossref.org/dialog/?doi=10.1080/15592324.2022.2031504&domain=pdf&date_stamp=2022-02-01


REVIEW

Microtubule cytoskeleton and mycorrhizal roots
Tania Ho-Plágaro, María Isabel Tamayo-Navarrete, and José M. García Garrido

Department of Soil Microbiology and Symbiotic Systems, Estación Experimental del Zaidín (EEZ), CSIC, Granada, Spain

ABSTRACT
For the establishment of the Arbuscular Mycorrhiza (AM) symbiosis it is essential that epidermis and 
cortical cells from plant roots suffer a strong reorganization to allow the penetration of intracellular fungal 
hyphae. In the same manner, the new formation of a periarbuscular membrane and a symbiotic interface 
with specific compositions are required for a functional symbiosis. It is believed that the cytoskeleton of 
the plant host plays an essential role in these processes, particularly the microtubule (MT) cytoskeleton, as 
huge modifications have been observed in the MT array of root cells accompanying the establishment of 
the AM symbiosis. Recent research has established a link between microtubule rearrangements and 
arbuscule functioning. However, further research is required to elucidate the specific functions of MT 
cytoskeleton along the different stages of the arbuscule life cycle and to unravel the signals triggering 
these changes.
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For the establishment of the Arbuscular Mycorrhiza (AM) 
symbiosis it is essential that epidermis and cortical cells from 
plant roots suffer a strong reorganization to allow the penetra-
tion of intracellular fungal hyphae. In the same manner, the 
new formation of a periarbuscular membrane and a symbiotic 
interface with specific compositions are required for 
a functional symbiosis. It is believed that the cytoskeleton of 
the plant host plays an essential role in these processes, parti-
cularly the microtubule (MT) cytoskeleton, as huge modifica-
tions have been observed in the MT array of root cells 
accompanying the establishment of the AM symbiosis. 
Recent research1 has established a link between microtubule 
rearrangements and arbuscule functioning. However, further 
research is required to elucidate the specific functions of MT 
cytoskeleton along the different stages of the arbuscule life 
cycle and to unravel the signals triggering these changes.

Microtubule cytoskeleton alterations in mycorrhizal 
roots

Numerous evidences exist showing changes of the MT cytos-
keleton in mycorrhizal roots. From the first contact of the 
fungal hypha with the root surface, it has been observed that 
the contacted epidermal cell suffers rearrangements in their 
cortical microtubules, from an oblique organization to 
a random array.2 When AM fungi colonize the root, similar 
changes have been observed in arbuscule-hosting cells at the 
early stages of arbuscule development and also in non- 
colonized cortical cells adjacent to arbuscule-containing cells.3

Along the formation of the arbuscules, the original cortical 
MTs are progressively fragmented and finally disappear, while 
other new MTs bundles, surrounding the arbuscule and con-
necting the arbuscular hypha among them and with the cell 

nucleus, are formed.3–5 Later, in completely mature arbuscules 
the MT fibers are found to get thinner and more fragmented.3 

Finally, in senescent arbuscules, new long cortical MTs bundles 
transiently appear, together with the synthesis of the new 
helicoidal array typically found in root cortex cells.3

Modifications have also been observed regarding the MT 
organizing center (MTOC), which controls the MT assem-
bling and organization. While the MTOC is usually located 
surrounding the cell nucleus, in cells colonized by AM fungi 
the MTOC (visualized through γ-tubulin labeling) changes to 
a diffuse array surrounding the fine branches of the 
arbuscule.6

It is also worth mentioning that in the cells colonized by AM 
fungi, it seems that the tubulin synthesis is increased. For 
example, the expression of the mays gene Tubα3, which 
encodes a tubulin, is induced in the arbuscule-hosting cells.7 

In addition, through fluorescent labeling, it has been observed 
that the amount of α – tubulin (which corresponds to the MTs) 
and γ – tubulin (corresponding to the MTOC) is increased in 
AM colonized cells.5,6

The role of MT rearrangements in mycorrhizal roots

MTs are well-known to play a role in determining cell shape 
and organelle transport.8,9 They also act as tracks for intracel-
lular clathrin-coated vesicle trafficking (CCVs), the major cel-
lular means of transport, and direct exocytosis and endocytosis 
pathways.10,11 In this manner, the MT cytoskeleton has an 
essential role in the establishment of cell polarity, cell wall 
formation, and plasma membrane expansion, differentiation 
and recycling.12–14 All these processes occur in plant root cells 
hosting AM arbuscules and are required for a functional sym-
biosis. In these cells, the establishment of a specialized cell wall 
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and membrane surrounding the arbuscule is crucial for mycor-
rhizal development and functioning.15 Polarized and asym-
metric delivery of cell wall components16,17 and intrinsic 
membrane proteins18,19 is therefore required. Actually, arbus-
cule development has been described to be accompanied by 
specific vesicle trafficking.20–23 Although substantial cytoskele-
tal remodeling has been reported in arbuscule-containing 
cells,3,6 it is not known if they are involved in all these processes 
and research being done is very scarce.

To our knowledge, the first investigation regarding the role 
of MTs during mycorrhization24 reported that disruption of 
microtubules by oryzalin in tomato AM infected roots did not 
significantly affect the percentage of AM colonization. 
However, they didn´t check if arbuscule morphology or arbus-
cule functionality were altered. As previously suggested,25 the 
study of MT-associated proteins (MAPs) might be the best 
strategy to understand the relationship between MT cytoskele-
tal remodeling and mycorrhizal development and/or function. 
To date, only a recent research has deepened into this 
question.1 In this study, the authors identified the tomato Tsb 
gene induced in arbuscule-hosting cells and encoding 
a putative MAP. Their results pointed to a role of this protein 
for MT bundling and for proper arbuscule functionality. 
Moreover, they suggest that MT rearrangements are also neces-
sary at later stages of arbuscule life cycle, when the unbundling 
of microtubules might be required for the correct turnover of 
senescent arbuscules.

Tsb gene has previously been described as a gene exclusively 
expressed in pollen.26 TSB-like proteins seem to constitute 
a Solanaceae family-specific group of proteins. Gene structure 
(three exons and two introns), protein motifs related to MT 
binding (repeat motifs V-V-K-K-N/E-E), and the presence of 
many potential casein kinase II phosphorylation sites were 
common features conserved in all TSB-like proteins. 
Members of these group have been previously functionally 
characterized and all of them have been reported to function 
as MAPs able to bind and bundle MTs and to be involved in 
cytoskeletal remodeling during pollen development.27–29

A biological machinery for MT rearrangements 
commonly shared in mycorrhizal root colonization 
and pollen tube development?

The presence of a specific biological machinery commonly 
shared by arbuscule-containing cells and pollen tube cells has 
been suggested,30 probably due to the fact that both cells types 
are subjected to strong polar modifications. Actually, transcrip-
tomic comparisons performed in Medicago and tomato 
revealed significant overlaps between arbuscular mycorrhiza 
and pollen development,1,30 with a predominance of genes 
related to the creation and modification of membranes and 
cell-walls. One of these overlapping genes is the tomato Tsb 
gene, which is specifically induced in pollen and in mycorrhizal 
roots.1,26 Moreover, the study concerning the Tsb gene,1 

together with research related to several Tsb-Solanaceae 
homologs,27–29 suggests that the TSB protein is probably 
a MAP able to bind and bundle microtubules, with an essential 
role in the cytoskeleton remodeling during both processes, i.e. 
arbuscule formation and pollen development. These findings 

point to a possible common evolutionary origin of cytoskele-
ton-related mechanisms in the formation of arbuscules and 
pollen tubes. Then, the screening of pollen tube-related 
MAPs and their functional characterization in the mycorrhizal 
symbiosis may help to identify key mechanisms underlying MT 
modifications in mycorrhizal roots, and to understand the role 
of these MT rearrangements in the symbiosis.

Signals that trigger the cytoskeleton changes during 
mycorrhization

The particular signals responsible for the MT cytoskeleton 
changes during mycorrhization are unknown. A mechanical 
stimulus exerted by the contact of the AM fungus with the 
plant cell should not be excluded as a signal for MT rearrange-
ments, as previously suggested.31 However, to achieve the 
specific modifications occurring in root cells colonized by 
AM fungi, it is expected that this mechanical stimulus must 
be combined with a series of chemical signals. Supporting this 
idea, it has been reported that also MTs from non-colonized 
cortical cells adjacent to arbuscule-containing cells changed 
their structure,3 what strongly suggests that cortical cells are 
able to initiate MT cytoskeleton modifications prior to the 
entry of the fungus through a chemical signaling.

A complex hormonal regulation occurs in mycorrhizal 
roots,32–34 including hormones such as auxin, gibberellin, ethy-
lene and abscisic acid, that have been reported to be involved in 
microtubule rearrangements in other cell types.12,35–37 

Curiously, strigolactones, a plant hormone with crucial roles 
in pre-symbiotic chemical dialog between AM fungi and plant 
roots and necessary for the punctual entry of the fungus,38–40 

have been also recently described to affect the organization of 
cortical microtubules.41 Additionally, coumarins, which have 
emerged as novel metabolites capable of stimulating AM fungi 
in the pre-penetration phase,42 have also been related with 
microtubule cortical array organization.43 However, the parti-
cular hormonal signaling or other kind of mechanisms 
involved in the regulation of cytoskeleton changes in AM 
colonized cells remain to be elucidated.

Future challenges

Huge microtubule changes in cells colonized by AM fungi have 
been widely reported in tobacco and Medicago,3,5 with a particular 
interest on the arbuscule-containing cells along the different stages 
of arbuscule formation, as shown in Figure 1. However, up to date, 
little is known about the triggering signals, the underlying 
mechanisms and the role of such MT modifications. Only 
a recent study has identified the importance of MT bundling for 
arbuscule formation and functionality in tomato through the 
functional analysis of the Tsb gene, encoding a putative MAP.1 

The identification of Tsb functional orthologous in other species 
may help to validate if this mechanism is conserved in all mycor-
rhizal species. With this purpose, given the possible similarities 
between the MT cytoskeleton changes occurring in the pollen tube 
development and in the AM colonized roots, an interesting 
approach would be to pinpoint genes encoding MAPs, upregu-
lated in both conditions or containing both pollen- and AM- 
related predicted regulatory sequences in their promoters. In 
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addition, it is important to consider that MT rearrangements also 
occur and should have a role at later stages of arbuscule develop-
ment, during arbuscule senescence and collapse. In this sense, 
further approaches based on live imaging and biochemical tech-
niques joined to comparative transcriptomic analysis on micro-
dissected arbusculated cells at different stages of arbuscule 
development may help to identify MAPs and other players 
involved, and to elucidate the role of the MT modifications occur-
ring at each specific stage of the arbuscule life cycle.

Disclosure statement

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

Funding

This study was supported by grant [PID2020-115336GB-100] funded by 
Spanish MCIN/AEI/ 10.13039/501100011033 and by “ERDF A way of 
making Europe”, by the “European Union”.

References

1. Ho-Plágaro T, Huertas R, Tamayo-Navarrete MI, Blancaflor E, 
Gavara N, García-Garrido JM, Novel Putative A. Microtubule- 
Associated protein is involved in arbuscule development during 
arbuscular mycorrhiza formation. Plant Cell Physiol. 
2021;62:306–320. doi:10.1093/pcp/pcaa159.

2. Genre A, Chabaud M, Timmers T, Bonfante P, Barker DG. 
Arbuscular mycorrhizal fungi elicit a novel intracellular apparatus 
in Medicago truncatula root epidermal cells before infection. Plant 
Cell. 2005;17:3489–3499. doi:10.1105/tpc.105.035410.

3. Blancaflor EB, Zhao L, Harrison MJ. Microtubule organization in 
root cells of Medicago truncatula during development of an arbus-
cular mycorrhizal symbiosis with Glomus versiforme. Protoplasma. 
2001;217:154–165. doi:10.1007/BF01283396.

4. Genre A, Bonfante P. Actin versus tubulin configuration in 
arbuscule-containing cells from mycorrhizal tobacco roots. New 
Phytol. 1998;140:745–752. doi:10.1046/j.1469-8137.1998.00314.x.

5. Genre A, Bonfante P. A mycorrhizal fungus changes microtubule 
orientation in tobacco root cells. Protoplasma. 1997;199:30–38. 
doi:10.1007/BF02539803.

6. Genre A, Bonfante P. Cytoskeleton-related proteins in tobacco 
mycorrhizal cells: gamma-tubulin and clathrin localisation. Eur 
J Histochem. 1999;43:105–111.

Figure 1. Model of microtubule modifications in the root hosting cell along different stages of the arbuscule life cycle, and the underlying signals and mechanisms 
involved. A hypothetical model is illustrated, in which the mechanical stimulus caused by the penetrating fungus combined with different hormone balances in the 
plant cell, trigger a differential regulation of gene expression along different stages, consequently determining the action of specific mechanisms for the continuous 
modifications of the MT cytoskeleton. During arbuscule development, MT rearrangements are essential for arbuscule functionality, and the mechanisms involved might 
be common to those ones occurring in pollen tube formation, with the participation of specific MAPs for MT bundling, such us the TSB in tomato.

PLANT SIGNALING & BEHAVIOR e2031504-3

https://doi.org/10.1093/pcp/pcaa159
https://doi.org/10.1105/tpc.105.035410
https://doi.org/10.1007/BF01283396
https://doi.org/10.1046/j.1469-8137.1998.00314.x
https://doi.org/10.1007/BF02539803


7. Bonfante P, Bergero R, Uribe X, Romera C, Rigau J, 
Puigdomenech P. Transcriptional activation of a maize α-tubulin 
gene in mycorrhizal maize and transgenic tobacco plants. Plant J. 
1996;9:737–743.

8. Romagnoli S, Cai G, Cresti M. In vitro assays demonstrate that 
pollen tube organelles use kinesin-related motor proteins to move 
along microtubules. Plant Cell. 2003;15:251–269. doi:10.1105/ 
tpc.005645.

9. Sato Y, Wada M, Kadota A. Choice of tracks, microtubules and/or 
actin filaments for chloroplast photo-movement is differentially 
controlled by phytochrome and a blue light receptor. J Cell Sci. 
2001;114:269–279. doi:10.1242/jcs.114.2.269.

10. Idilli AI, Morandini P, Onelli E, Rodighiero S, Caccianiga M, 
Moscatelli A. Microtubule depolymerization affects endocytosis 
and exocytosis in the tip and influences endosome movement in 
tobacco pollen tubes. Mol Plant. 2013;6:1109–1130. doi:10.1093/ 
mp/sst099.

11. Hussey PJ, Ketelaar T, Deeks MJ. Control of the actin cytoskeleton 
in plant cell growth. Annu Rev Plant Biol. 2006;57:109–125. 
doi:10.1146/annurev.arplant.57.032905.105206.

12. Lehman TA, Smertenko A, Sanguinet KA. Auxin, microtubules, 
and vesicle trafficking: conspirators behind the cell wall. J Exp Bot. 
2017;68:3321–3329. doi:10.1093/jxb/erx205.

13. Gutierrez R, Lindeboom JJ, Paredez AR, Emons AMC, 
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;11:797–806. doi:10.1038/ncb1886.

14. Onelli E, Idilli AI, Moscatelli A. Emerging roles for microtubules in 
angiosperm pollen tube growth highlight new research cues. Front 
Plant Sci. 2015;6:51. doi:10.3389/fpls.2015.00051.

15. Balestrini R, Bonfante P. Cell wall remodeling in mycorrhizal 
symbiosis: a way towards biotrophism. Front Plant Sci. 
2014;5:237. doi:10.3389/fpls.2014.00237.

16. Balestrini R, Cosgrove DJ, Bonfante P. Differential location of 
alpha-expansin proteins during the accommodation of root cells 
to an arbuscular mycorrhizal fungus. Planta. 2005;220:889–899. 
doi:10.1007/s00425-004-1431-2.

17. Takeda N, Sato S, Asamizu E, Tabata S, Parniske M. Apoplastic 
plant subtilases support arbuscular mycorrhiza development in 
Lotus japonicus. Plant J. 2009;58:766–777. doi:10.1111/j.1365- 
313X.2009.03824.x.

18. Pumplin N, Zhang X, Noar RD, Harrison MJ. Polar localization of 
a symbiosis-specific phosphate transporter is mediated by 
a transient reorientation of secretion. Proc Natl Acad Sci USA. 
2012;109:E665–72. doi:10.1073/pnas.1110215109.

19. Kobae Y, Hata S. Dynamics of periarbuscular membranes visua-
lized with a fluorescent phosphate transporter in arbuscular 
mycorrhizal roots of rice. Plant Cell Physiol. 2010;51:341–353. 
doi:10.1093/pcp/pcq013.

20. Harrison MJ, Ivanov S. Exocytosis for endosymbiosis: membrane 
trafficking pathways for development of symbiotic membrane 
compartments. Curr Opin Plant Biol. 2017;38:101–108. 
doi:10.1016/j.pbi.2017.04.019.

21. Gavrin A, Chiasson D, Ovchinnikova E, Kaiser BN, 
Bisseling T, Fedorova EE. VAMP721a and VAMP721d are 
important for pectin dynamics and release of bacteria in 
soybean nodules. New Phytol. 2016;210:1011–1021. 
doi:10.1111/nph.13837.

22. Huisman R, Hontelez J, Mysore KS, Wen J, Bisseling T, Limpens E. 
A symbiosis-dedicated SYNTAXIN OF PLANTS 13II isoform con-
trols the formation of a stable host-microbe interface in symbiosis. 
New Phytol. 2016;211:1338–1351. doi:10.1111/nph.13973.

23. Zhang X, Pumplin N, Ivanov S, Harrison MJ. EXO70I is required 
for development of a sub-domain of the periarbuscular membrane 
during arbuscular mycorrhizal symbiosis. Curr Biol. 
2015;25:2189–2195. doi:10.1016/j.cub.2015.06.075.

24. Timonen S, Drew E, Smith S. Effect of cytoskeletal inhibitors on 
mycorrhizal colonisation of tomato roots. Symbiosis (Rehovot). 
2006;41:81–86.

25. Timonen S, Peterson RL. Cytoskeleton in mycorrhizal symbiosis. 
Plant Soil. 2002;244:199–210. doi:10.1023/A:1020209213524.

26. Zhao Q, Yu J, Zhu D, Ao G. Cloning and characterization of a 
pollen-specific lysine-rich protein cDNA (tsb) from tomato. Chin 
J Biochem Mol Biol. 2003;20:275–279.

27. Zhao Y, Zhao Q, Ao G, Yu J. Characterization and functional 
analysis of a pollen-specific gene st901 in Solanum tuberosum. 
Planta. 2006;224:405–412. doi:10.1007/s00425-006-0226-z.

28. Huang S, Jin L, Du J, Li H, Zhao Q, Ou G, Ao G, Yuan M. SB401, a 
pollen-specific protein from Solanum berthaultii, binds to and 
bundles microtubules and F-actin. Plant J. 2007;51(3):406–418. 
doi:10.1111/j.1365-313X.2007.03153.x.

29. Liu C, Qi X, Zhao Q, Yu J, Frischknecht F. Characterization and 
functional analysis of the potato pollen-specific 
microtubule-associated protein SBgLR in tobacco. PloS One. 
2013;8(3):e60543. doi:10.1371/journal.pone.0060543.

30. Nouri E, Reinhardt D. Flowers and mycorrhizal roots–closer than 
we think? Trends Plant Sci. 2015;20:344–350. doi:10.1016/j. 
tplants.2015.03.012.

31. Jayaraman D, Gilroy S, Ane J-M. Staying in touch: mechanical 
signals in plant–microbe interactions. Curr Opin Plant Biol. 
2014;20:104–109. doi:10.1016/j.pbi.2014.05.003.

32. Etemadi M, Gutjahr C, Couzigou J-M, Zouine M, Lauressergues D, 
Timmers A, et al. Auxin perception is required for arbuscule 
development in arbuscular mycorrhizal symbiosis. Plant Physiol. 
2014;166:281–292.

33. Martin-Rodriguez JA, Huertas R, Ho-Plagaro T, Ocampo JA, 
Tureckova V, Tarkowska D, et al. Gibberellin-abscisic acid bal-
ances during arbuscular mycorrhiza formation in tomato. Front 
Plant Sci. 2016;7:1273. doi:10.3389/fpls.2016.01273.

34. Já M, León-Morcillo R, Vierheilig H, Ocampo JA, Ludwig-Müller J, 
García-Garrido JM. Ethylene-dependent/ethylene-independent 
ABA regulation of tomato plants colonized by arbuscular mycor-
rhiza fungi. New Phytol. 2011;190:193–205. doi:10.1111/j.1469- 
8137.2010.03610.x.

35. Dou L, He K, Higaki T, Wang X, Mao T. Ethylene signaling 
modulates cortical microtubule reassembly in response to salt 
stress. Plant Physiol. 2018;176:2071–2081. doi:10.1104/ 
pp.17.01124.

36. Takatani S, Hirayama T, Hashimoto T, Takahashi T, Motose H. 
Abscisic acid induces ectopic outgrowth in epidermal cells through 
cortical microtubule reorganization in Arabidopsis thaliana. Sci 
Rep. 2015;5:1–12. doi:10.1038/srep11364.

37. Dixit R. Plant cytoskeleton: DELLA connects gibberellins to 
microtubules. Curr Biol. 2013;23:R479–R81. doi:10.1016/j. 
cub.2013.04.037.

38. Akiyama K, Matsuzaki K, Hayashi H. Plant sesquiterpenes induce 
hyphal branching in arbuscular mycorrhizal fungi. Nature. 
2005;435:824–827. doi:10.1038/nature03608.

39. Genre A, Chabaud M, Balzergue C, Puech-Pagès V, Novero M, 
Rey T, et al. Short-chain chitin oligomers from arbuscular mycor-
rhizal fungi trigger nuclear Ca2+ spiking in Medicago truncatula 
roots and their production is enhanced by strigolactone. New 
Phytol. 2013;198:190–202. doi:10.1111/nph.12146.

40. Kobae Y, Kameoka H, Sugimura Y, Saito K, Ohtomo R, Fujiwara T, 
Kyozuka J. Strigolactone biosynthesis genes of rice is required for 
the punctual entry of arbuscular mycorrhizal fungi into the roots. 
Plant Cell Physiol. 2018;59:544–553. doi:10.1093/pcp/pcy001.

41. Krasylenko Y, Komis G, Hlynska S, Vavrdová T, Ovečka M, and 
Pospíšil T, et al. GR24, A synthetic strigolactone analog, and light 
affect the organization of cortical microtubules in Arabidopsis 
hypocotyl cells. Front Plant Sci. 2021;12: 675981. doi: 10.3389/ 
fpls.2021.675981.

42. Kumar S, Stecher G, Tamura K. MEGA7: molecular evolutionary 
genetics analysis version 7.0 for bigger datasets. Mol Biol Evol. 
2016;33:1870–1874. doi:10.1093/molbev/msw054.

43. Shimada A, Ueguchi-Tanaka M, Nakatsu T, Nakajima M, Naoe Y, 
Ohmiya H, Kato H, Matsuoka M. Structural basis for gibberellin 
recognition by its receptor GID1. Nature. 2008;456:520–523. 
doi:10.1038/nature07546.

e2031504-4 T. HO-PLÁGARO ET AL.

https://doi.org/10.1105/tpc.005645
https://doi.org/10.1105/tpc.005645
https://doi.org/10.1242/jcs.114.2.269
https://doi.org/10.1093/mp/sst099
https://doi.org/10.1093/mp/sst099
https://doi.org/10.1146/annurev.arplant.57.032905.105206
https://doi.org/10.1093/jxb/erx205
https://doi.org/10.1038/ncb1886
https://doi.org/10.3389/fpls.2015.00051
https://doi.org/10.3389/fpls.2014.00237
https://doi.org/10.1007/s00425-004-1431-2
https://doi.org/10.1111/j.1365-313X.2009.03824.x
https://doi.org/10.1111/j.1365-313X.2009.03824.x
https://doi.org/10.1073/pnas.1110215109
https://doi.org/10.1093/pcp/pcq013
https://doi.org/10.1016/j.pbi.2017.04.019
https://doi.org/10.1111/nph.13837
https://doi.org/10.1111/nph.13973
https://doi.org/10.1016/j.cub.2015.06.075
https://doi.org/10.1023/A:1020209213524
https://doi.org/10.1007/s00425-006-0226-z
https://doi.org/10.1111/j.1365-313X.2007.03153.x
https://doi.org/10.1371/journal.pone.0060543
https://doi.org/10.1016/j.tplants.2015.03.012
https://doi.org/10.1016/j.tplants.2015.03.012
https://doi.org/10.1016/j.pbi.2014.05.003
https://doi.org/10.3389/fpls.2016.01273
https://doi.org/10.1111/j.1469-8137.2010.03610.x
https://doi.org/10.1111/j.1469-8137.2010.03610.x
https://doi.org/10.1104/pp.17.01124
https://doi.org/10.1104/pp.17.01124
https://doi.org/10.1038/srep11364
https://doi.org/10.1016/j.cub.2013.04.037
https://doi.org/10.1016/j.cub.2013.04.037
https://doi.org/10.1038/nature03608
https://doi.org/10.1111/nph.12146
https://doi.org/10.1093/pcp/pcy001
https://doi.org/10.3389/fpls.2021.675981
https://doi.org/10.3389/fpls.2021.675981
https://doi.org/10.1093/molbev/msw054
https://doi.org/10.1038/nature07546

	Abstract
	Microtubule cytoskeleton alterations in mycorrhizal roots
	The role of MT rearrangements in mycorrhizal roots
	A biological machinery for MT rearrangements commonly shared in mycorrhizal root colonization and pollen tube development?
	Signals that trigger the cytoskeleton changes during mycorrhization
	Future challenges
	Disclosure statement
	Funding
	References

