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Abstract 

Plant cell morphogenesis relies on the mechanical properties of the primary cell wall, yet 

it remains unclear which components predominantly regulate wall extensibility. Cotton 

fibers, highly elongated single cells, offer a unique system to investigate polarized cell 

expansion. Here, by combining atomic force microscopy and cellulose labeling, we find a 

basipetal gradient of cellulose microfibril density from the apex to the shank that underlies 

cell wall heterogeneity and directed cotton fiber elongation. Live-cell imaging shows that 

cellulose synthase complexes accumulate more densely toward the shank which is 

guided by specific microtubule organization and is supported by genetic disruption and 

microtubule perturbation. A mechanical model further demonstrates that a cellulose 

gradient is sufficient to reshape axial strain for directional growth. Collectively, our findings 

provide single-cell evidence for a cellulose-dependent mechanism of directional growth, 

expanding our understanding of primary cell wall extensibility in plant morphogenesis and 

offering potential strategies to improve cotton fiber quality. 
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Introduction 

Plant primary cell walls (PCWs), mainly composed of three distinct polysaccharides 

(cellulose, hemicelluloses and pectins), are strong but extensible extracellular structures 

that critically underpin cell growth and environmental adaptation 1,2. From a 

biomechanical perspective, plant cell expansion is driven by the prevalent turgor pressure 

within the cells. And the heterogeneity of plant cell walls, including the spatial distribution 

of cell wall components and their structural organizations, results in anisotropic 

mechanical responses to turgor pressure. Such behavior would convert the isotropic 

internal pressure into directionally biased deformation, contributing to the formation of 

diverse cell shapes. Therefore, the mechanical properties that determine dynamic 

extensibility of PCW are central to plant cell growth and morphogenesis 3,4. However, how 

different cell wall components determine anisotropic expansion of plant cells remain 

controversial. Homogalacturonans (HGs), the most abundant form of pectins, are often 

considered as major determinants of plant cell wall heterogeneity 5-7. However, new 

computational models support a prominent role of sliding cellulose microfibrils in cell wall 

extensibility during constant stress 3. Due to substantial differences in cell types and 

contexts that these observations have been made, we argue that a single-cell system that 

combines diffuse and tip-related growth might be ideal to address cell wall organization 

and the driving force for plant cell growth.  

 

Cotton fibers are highly elongated and unbranched single cells differentiated from the 
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ovule epidermis, and are one of the longest plant cells characterized 8. Elongating fiber 

cell walls typically contain 40% cellulose, 25-30% hemicelluloses, 30-35% pectins, and a 

variety of wall proteins 9. Notably, the length of cotton fibers can reach 3-6 cm, which is 

1000-3000 times greater than the diameter during the elongating stage 10. After the PCW-

dominated rapid elongation stage, cotton fibers gradually stop elongating and enter a 

secondary cell wall thickening stage. In this phase, cellulose accumulates to become the 

most prevalent wall components, accounting for > 95% dry weight of cotton fibers 11. 

Owing to the highly polarized unicellular feature and abundant cellulose content, cotton 

fibers have long been regarded as an excellent model for investigating plant cell 

elongation and cellulose biosynthesis 12. Elongating cotton fiber cells may therefore be a 

suitable single-cell system to decipher how different cell wall components contribute to 

heterogenous wall organization and dynamic extensibility during plant cell growth 9. 

 

Qin and Zhu proposed a linear growth mode of cotton fibers that combines tip and 

diffuse growth, based on cytoskeletal organization using immunostaining 13. Ten years 

later, our previous studies provided the first live-cell observations on the cytoskeletal 

organization in elongating fiber cells, and further proposed a unique, tip-biased diffuse 

growth mode for cotton fibers 14,15. However, direct exploration of wall structures and 

mechanics that drive cotton fiber elongation is still lacking. Here, using atomic force 

microscopy (AFM) alongside cellulose labeling, we show that differential cellulose 

deposition underpins the mechanical properties of cotton fiber cell walls. By integrating 
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live-cell imaging with computational modeling, we propose that a basipetal cellulose 

gradient, tightly associated with the microtubule-mediated spatial distribution of cellulose 

synthase complexes (CSCs), drives cotton fiber elongation. This unique cellulose 

deposition pattern not only supports tip-biased diffuse growth in cotton fibers but further 

highlights the indispensable role of cellulose in regulating plant cell expansion at the 

single-cell level. 

 

Results 

Cotton fiber cell walls are soft at the tip, with stiff shanks 

After anthesis, cotton fibers initiate and proceed into a rapid elongating stage (Fig.1a). 

This stage relies on the heterogeneous extensibility of the PCWs. To assess mechanical 

characteristics, as well as morphological surface differences along the PCWs, we 

examined the apparent elastic modulus and apparent stiffness via AFM scanning (Fig. 1b 

and c). Cell wall elastic modulus describes the intrinsic elasticity of the cell wall material, 

while cell wall stiffness reflects the overall resistance of the wall to deformation under an 

applied force. In our AFM measurements, the reported modulus is best interpreted as an 

apparent elastic modulus, as the fiber walls show adhesion and nonlinear force-

displacement behavior. Although AFM indentation primarily measures the mechanical 

response perpendicular to the cell wall surface, it provides valuable insight into the local 

mechanical properties that may influence wall extensibility and morphogenesis in growing 

tissues 16-19. Therefore, in this study AFM-derived apparent modulus and stiffness are 
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used here as comparative indicators of the local mechanical state, which could be 

interpreted as a relative mechanical landscape and is informative for understanding 

cotton fiber elongation. We found a gradual increase in apparent modulus of cotton fiber 

cell walls at 7 DPA (corresponding to rapid elongation) as compared to 3 DPA (early 

elongating stages/late initiating stage), which may underlie an enhanced capacity to bear 

turgor-generated stress during fiber expansion (Fig. 1c and Supplementary Fig.1). By 

comparing AFM-derived mechanical parameters across two major cotton cultivars, i.e. 

the upland cotton (Gossypium hirsutum) TM-1 and the sea-island cotton (Gossypium 

barbadense) Hai7124 harboring longer fibers, we found that Hai7124 exhibited lower 

apparent elastic modulus and stiffness than TM-1 (Fig. 1c). This association between a 

more mechanically compliant primary wall and greater final fiber length suggests a 

possible link between early wall mechanics and fiber elongation capacity. If confirmed in 

broader cotton populations, such features could potentially serve as mechanical indicator 

for fiber-quality breeding. 

We next analyzed mechanical properties at different regions of individual fiber cells. 

Strikingly, the cell walls near the tip exhibited lower apparent modulus and stiffness, 

suggesting that the PCWs of cotton fibers are softer and mechanically more compliant at 

the tip that we interpret as conferring a higher local expansion potential (Fig. 1d), most 

likely related to fiber tip-biased diffuse growth mode. To further test whether this 

mechanical heterogeneity correlates with regional differences in wall deformation, we 

performed osmotic shrinkage assays. Treatment of 3 DPA fibers with 0.8 M mannitol 
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caused a significantly larger reduction in width at the tip than at the shank, whereas fibers 

under water conditions showed minimal changes (Fig. 1e and f). These results indicate 

that apical walls are more deformable under turgor-related perturbation, in agreement 

with their lower apparent stiffness and modulus. 

To further confirm the tip-biased elongation of fiber cells, we attempted to visualize 

newly forming cell walls in cotton fibers from the cultured ovules via a click-chemistry-

based strategy 20. We used a glucose that contains a clickable group (2-Azido-2-deoxy-

D-glucose, aGlu), which was applied in the growth medium. This molecule was readily 

incorporated into the fiber cell walls (Fig. 2a and b), thus reflecting newly formed cell walls 

that we could track by a click reaction to the dibenzocyclooctyl-linked cyanin 5 (DBCO-

Cy5) (Supplementary Fig. 2a-c). While we are unsure what cell wall polymer that is 

labelled by this approach, we could therefore monitor the incorporation of glucose into the 

extracellular matrix (Supplementary Fig. 2d). These analyses confirmed a tip-biased 

growth pattern of cotton fibers (Fig. 2c and Supplementary Fig. 2a-c).  

 

A gradient of cellulose accumulation determines heterogeneous cell wall 

properties of cotton fibers 

Local modifications of pectins play a crucial role in cell wall extensibility 6,7,21,22. To see 

whether the ratio of de-methyl- / methyl-esterification of pectins in cotton fibers could 

explain the cell wall heterogeneity we observed in our AFM assays, we performed 

immunolabelling assays with two monoclonal antibodies, JIM5 and JIM7, that specifically 
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recognize the lowly-esterified HGs (JIM5) and highly methyl-esterified HGs (JIM7), 

respectively 21. Notably, both JIM5- and JIM7-labeling were uniformly distributed along 

cotton fibers (Supplementary Fig. 3a and b). To further investigate the role of pectins in 

fiber extension, we treated the fibers with the pectinase. However, no obvious impact was 

detected on cotton fiber growth and development (Supplementary Fig. 3c). We therefore 

inferred that pectin modifications if involved, are unlikely to have major effects on cotton 

fiber development or on the heterogeneous cell wall formation that we observed.  

Cellulose is the principal load-bearing cell wall component, and we therefore 

speculated that differential distribution of cellulose may contribute to the heterogeneity of 

cotton fiber PCWs 9,23. To test this hypothesis, we assessed the thickness of cellulosic 

cell walls of cotton fibers between the apex and shanks and performed functional 

perturbations. Here, we used calcofluor-white (CFW) that preferentially binds cellulose in 

cell walls of land plants and quantified the full width at half maximum (FWHM) of the 

cross-sectional CFW intensity profile as an indicator of the apparent width of cellulosic 

PCWs (Fig. 3a and b). These results revealed a clear difference of CFW-derived signal 

width between fiber shank and apex, indicating higher cellulose accumulation in the shank 

than in the apex. In parallel, staining with the cellulose-specific dye S4B, we found 

transverse banded labeling patterns that are in line with previous observation of cellulose 

microfibrils by transmission electron microscopy24, and likewise showed stronger 

cellulose accumulation in the fiber shanks (Fig. 3c and d). Interestingly, we also found 

that within apex cross-sections, the CFW-derived apparent wall signal width positively 
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correlated with fiber diameter (Fig. 3e). Together with the differential cellulose 

accumulation between fiber shank and apex, these data infer a progressive increase in 

cellulose deposition along the fiber axis, which may contribute to heterogeneous wall 

mechanics and underpin anisotropic expansion of the fibers. To functionally test whether 

cellulose deposition is required for fiber growth and cell wall heterogeneity, we used either 

the cellulose biosynthesis inhibitor (CBI) isoxaben25 or cellulase R-10 to reduce cellulose 

deposition in the fibers at 2 DPA. Both treatments led to loss of the anisotropic growth 

behavior of the cotton fibers, indicating that cellulose deposition is indispensable for 

cotton fiber development (Supplementary Fig. 4). Taken together, these results support 

differential cellulose deposition along the fiber axis, which is consistent with and may 

contribute to the observed cell wall heterogeneity and directed cotton fiber elongation. 

The CMF deposition gradient is associated with differential CSC distribution across 

the cotton fiber surface 

PCW cellulose is presumed to be synthesized by GhCESA1, GhCESA3 and GhCESA6 

in cotton fiber cells 26,27. To directly observe the cellulose biosynthesis and the deposition 

of CMFs in elongating cotton fibers, we generated mNeoGreen-tagged GhCESA3 single, 

or mNeoGreen-CESA3 and mCherry-TUB9 dual, fluorescent markers that label CSCs 

and microtubules, respectively. Using these lines, we performed live-cell imaging to track 

the spatial distribution and dynamics of CSCs. As shown in Supplementary Fig. 5, we 

observed PM-localized mNeoGreen-CESA3 particles in various cell types, such as 

pavement and petiole cells. These particles moved along linear trajectories, similar to 
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what has been reported in Arabidopsis, with movement that coincided with underlying 

MTs (Fig. 4a). In addition, we also observed CESA3 fluorescence from cytoplasmic foci 

that moved erratically, and likely resemble that of small CSC compartments (SmaCCs) or 

MT-associated CESA compartments (MASCs) that have been reported on in Arabidopsis 

28,29.  

To further explore the CSC dynamics in elongating cotton fibers, we imaged both 

initiating and elongating fibers. Similar to other cell types, fluorescent CESA3 particles 

localized to the PM in fiber cells across these developmental stages (Fig. 4b and 

Supplementary Fig. 5a-d). The speed of the PM-located CSCs is thought to correspond 

to the catalytic activity of the CSCs 29. Therefore, we quantified the speed of the PM-

localized CSCs across various cotton cell types. Surprisingly, while the CSC moved with 

about 150 nm/min in pavement (mean ± SD = 148.3 ± 63.6, five cells) and petiole cells 

(mean ± SD = 147.1 ± 68.6, five cells), the CSCs moved significantly faster in the two 

developmental stages (initiation, mean ± SD = 224.5 ± 84.2, five cells; elongation, mean 

± SD = 365.2 ± 110.4, five cells ) of cotton fibers (Fig. 4c and d). Taken together, these 

data indicate a higher catalytic activity of CSCs in cotton fiber cells than in pavement cells 

or petiole cells, likely due to high demands of cellulose in the rapidly expanding fiber cells.  

As the shanks and the apex regions of cotton fiber cells exhibit heterogeneous cell 

wall mechanics and differences in cellulose levels, we speculated that the catalytic activity 

of CSCs might vary correspondingly. To test this, we imaged mNeoGreen-CESA3 at the 

different regions of elongating fibers. However, only mild changes in CSC speed at the 
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different regions were detected (Fig. 4e and f, and Supplementary Movie 1). Alternatively, 

the density of PM-localized mNeoGreen-CESA3 particles appeared to be higher in fiber 

shanks than at the apex (Fig. 4e and g, Supplementary Fig 5e, and Supplementary Movie 

2). We confirmed this observation by quantifying the number of fluorescent CSCs per 

area unit, where shanks had 0.84 CSCs per μm2 and apex had only 0.59 CSCs per μm2. 

Therefore, the increase in cellulosic PCWs along the cotton fiber is likely driven by a 

biased PM-localized CSC distribution.  

 

The microtubule arrangement defines the differential CSC distribution for cotton 

fiber elongation 

CSCs typically track along MTs, which may define CSC trajectories in plant cells 29,30. To 

corroborate that such relationship also determines the spatial patterning of CSCs in cotton 

fibers, we examined the cortical MT organization in cotton fiber cells at both the initiation 

and the elongation stages (Fig 5a, Supplementary Fig. 5f, and Supplementary Movie 3, 

4). We observed a mesh-like MT array in fibers at the initiation stage. By contrast, the MT 

array was well-aligned and arranged perpendicular to the growth axis of elongating fiber 

cells. Correspondingly, we observed fluorescent CSCs moving along the MTs, with 

trajectories aligning with the MTs (Fig. 4c). We next assessed the MT organization in the 

shanks and the apex regions of elongating cotton fiber cells. As expected, we observed 

reduced MT density at the apex as compared to the shanks, which corresponded well 

with the observed CSC distribution (Fig. 5a-c). Additionally, we detected a MT depleted 
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zone (MDZ) in the fiber cell apex, similar to our previous observations in cotton fibers and 

in Arabidopsis trichomes 14,31. Then, we further validated the functional relationship 

between MTs and CSCs by pharmacological treatments in cotton fiber cells. Here, the MT 

stabilizing drug Taxol or MT nucleation inhibiting drug Propyzamide reduced the 

differences in MT density between the shanks and the apex of fiber cells (Fig. 5d and e). 

Surprisingly, these treatments led to an even distribution of CSCs across the fiber cell PM 

(Supplementary Fig. 5g and h). These fibers did not display tip-biased fiber elongation as 

illustrated by the chase-labelling experiments (Fig. 5f).  

The CSCs are guided by MTs via the protein CSI1 in Arabidopsis 30,32. Thus, we first 

validated the biochemical interaction between GhCSI1 and GhCESA3 (Supplementary 

Fig. 6a and b). To further explore the relationship of CSC and MTs in cotton, we used the 

CRISPR-Cas9 technology to mutate the GhCSI1 paralogs (Gh_A11G212800, 

Gh_D11G239500) (Supplementary Fig. 6c), which are predominantly expressed in 

development fiber cells, of both the At and Dt cotton subgenomes as reported in 

CottonGVD database (https://db.cngb.org/cottonGVD/). Using advanced fiber information 

system (AFIS) measurements of cotton fiber lengths, we found that the CSI1-mutated 

lines had significantly shorter fibers compared to wild type (Supplementary Fig. 6d-f). 

These results indicate an important role of MT-guided CSC distribution to control tip-

biased growth of cotton fibers. 

 

Computational simulation of how CMF deposition patterns underpin cotton fiber 
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growth 

To explore how CMFs support both directional expansion and differential growth of cotton 

fibers, we performed computational simulations. Some of the key modeling parameters 

are referenced from a previously reported cotton fiber model 33 (see also Supplementary 

Note 1). In our model the cell wall matrix and embedded CMFs are simplified to 

longitudinally arranged matrix spring segments and numerous transversely arranged 

CMF springs (Supplementary Fig. 7a), similar to what we observed with the S4B staining. 

This method allowed us to simulate and analyze the effects of different CMF deposition 

patterns on the polarized elongation of cotton fiber cells. According to our simulations, the 

uniformly distributed CMF springs along the cells led to equivalent strains along cell walls, 

which correlated with a diffuse expansion mode of plant cells (Supplementary Fig. 7b and 

c). By contrast, a gradient of CMF springs led to a gradually increasing strain at the apex 

(Fig. 5g and h, and Supplementary Movie 5), which is in line with our observations in 

cotton fiber cells.  

Additionally, we noticed that the growth rate of the apex would reach saturation with 

the increase in shank-to-apex CMF density ratio in the model (Supplementary Fig. 7d). 

Similarly, at higher shank-to-apex CMF density ratios (e.g., greater than 6), the reduction 

in applied force will be less pronounced. (Supplementary Fig. 7e). These results indicated 

that maintaining a range of shank-to-apex CMF density ratio (i.e. 2 to 6) is sufficient to 

generate tip-biased cotton fiber elongation. Excessive CMF deposition differences 

between cotton fiber apexes and shanks would perhaps not be an efficient way to drive 
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cell expansion as this may lead to unnecessary amounts of cellulose at the shank. Our 

modelling data thus supports our live-cell imaging, where we observed a two-fold shank-

to-apex ratio of CMF density. Collectively, our simulation results, together with the 

observed cellulose and mechanical heterogeneity, are consistent with a tip-biased diffuse 

growth mode of cotton fibers, in which apical regions exhibit higher elongation potential 

than the shank (Fig. 5i). In this model, elongation remains distributed along the fiber but 

is biased towards the apex. 

 

 

Discussion  

In this study, we provide insights into the cellular mechanisms underlying polarized growth 

in cotton fibers by revealing how differential cellulose deposition generates cell wall 

mechanical heterogeneity. In cotton fibers, our findings refine and extend the conventional 

view, largely derived from other plant systems, that cell wall extensibility is primarily 

regulated by pectin modifications, by highlighting a key contribution of cellulose-based 

reinforcement to wall mechanics and directional expansion in cotton fibers. Together, 

these results offer a mechanistic framework for understanding how cellulose-mediated 

wall heterogeneity supports polarized cell growth. 

 

The hypothesis of microtubule-CMF co-alignment was proposed as early as the 

1960s. However, until nearly half a century later, live-cell imaging of PCW CSCs was first 
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achieved in Arabidopsis hypocotyls 34. And ten years later, CSCs involved in secondary 

wall synthesis were visualized using an inducible vascular system in Arabidopsis cell 

culture 35. Cotton fiber cells, considered an ideal single-cell model for studying polarized 

cell elongation and cellulose synthesis, have long posed a challenge for live-cell imaging 

of CSC dynamics. These challenges have largely been due to the lack of suitable 

fluorescent tags and imaging techniques for intertwined fiber cells that are embedded in 

the cotton ovules. We overcame these challenges and managed to track CSC dynamics 

and microtubule organization in live cotton fiber cells. Notably, CSCs moved faster in 

cotton fibers than in other cell types, indicating increased catalytic activity of the CSCs 

presumably to maintain adequate cellulose synthesis to support the growth of the fibers. 

These results are somewhat similar to those observed in Arabidopsis during the transition 

between PCW to SCW synthesis where SCW CSCs moved twice as fast as the PCW 

CSCs 36. This led the authors in the study to speculate that the cellulose demand during 

SCW was simply driving the change in catalytic rate, which perhaps is due to post-

translational modifications on CSC proteins that could regulate the speed 37. We assume 

that certain post-translational modifications may also drive the changes in speed in cotton.  

Interestingly, we detected a differential distribution of CSCs in fiber cells, with a 

gradual increase in CSC density along the shank, coinciding with a gradient of cellulose 

deposition and spatial differences in wall deformation potential as inferred from AFM 

measurements and osmotic assays. Notably, this basipetal differential CSC distribution 

coincided with, and depended on, a gradually denser MT array. It is plausible that this 
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distinct MT organization could reflect cell wall strains during development, in light of recent 

evidence that cortical microtubules can respond to mechanical cues in plants 29,38. 

However, detailed mechanism remains to be specifically tested in cotton fiber cells. It is 

also plausible that the uneven basipetal distribution of “polarity” proteins that regulate MT 

nucleation and stability may be involved in maintaining this organization 4,39. Interestingly, 

both our previous work and studies by other groups have identified a microtubule-

depleted zone (MDZ) at the fiber apex 14,31,40,41. We speculate that this MDZ, together 

with the transverse MT arrays exhibiting basipetal gradient accumulation, forms a specific 

MT architecture that regulates the anisotropic elongation of cotton fibers. However, the 

molecular and mechanical basis underlying MDZ formation and its role in shaping the 

fiber tip morphology remain intriguing questions for future exploration. The detailed 

establishment of tip shape is likely to involve additional biochemical and biomechanical 

mechanisms. Spatial organization of the cytoskeleton and wall-modifying or structural 

proteins is expected to fine-tune apex morphology, potentially through mechanisms that 

are not solely determined by turgor-driven wall expansion. Dissecting these processes 

will require future targeted studies. 

Heterogeneous extensibility of PCWs is essential to plant cell morphology as it 

regulates the direction of plant cell expansion 42,43. Previous studies highlighted pectin 

modifications as key factors in regulating cell wall extensibility. The abundant type of 

pectins in PCWs, the homogalacturonans (HGs), are synthesized in a methylesterified 

form and undergo a de-methylesterification process after insertion into the cell walls 6. 
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The de-methylesterified HGs can either reduce cell wall stiffness to promote the 

longitudinal elongation of hypocotyl cells 44,45 or strengthen the wall mechanically by 

crosslinking with calcium, as seen in pollen tube shanks during tip growth 21. Moreover, 

the HGs can also form nanofilaments to mediate asymmetric cell wall expansion and lobe 

formation in pavement cells 46. However, our immunolabeling and enzymatic results 

suggest that pectins have little effect on cotton fiber elongation, which is also consistent 

with some previous enzymatic studies 47. On the other hand, the pectin abundance 

reported in prior studies (typically after 5 DPA) 9 likely reflects its increasing role in the 

formation of the cotton fiber middle lamella (CFML) and in mediating inter-fiber adhesion 

and tissue-level coordination 48, rather than directly controlling polarized single-cell 

elongation. This view is further supported by temporal gene expression data, which show 

upregulation of pectin-modifying enzymes primarily at later developmental stages 49-51. 

And some fiber-specific PME genes were expressed predominantly at the secondary wall 

thickening stage 52. Similarly, experimental manipulation of hemicellulose levels has not 

been shown to significantly alter fiber elongation during early growth 49. Thus, in our 

system, cellulose emerges as a major mechanical contributor to fiber extensibility during 

the early elongation stage, whereas pectins and hemicelluloses are more likely to 

participate in the subsequent remodeling and coordination of fiber cell wall architecture 

at later developmental stages. In addition, it is possible that gradients in biochemical wall 

loosening factors, such as expansins or XTHs, may collaborate with cellulose to facilitate 

cotton fiber growth by modulating cell wall mechanical properties. Future studies focused 
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revealing the spatial distribution of wall loosening factors in cotton fibers would provide 

valuable insights on the role of plant cell wall mechanical regulation during growth. 

 

Importantly, our findings uncovered that a gradual increase in cellulose deposition 

regulated the cell wall tip-biased extensibility, which is consistent with the recently 

proposed CMF sliding model 3. In this model, deposition of CMFs determines the 

orientation of plant cell expansion by providing anisotropic resistance to internal turgor 

pressure. When extended to the tissue level, this model suggests that thickened outer 

walls of cylindrical tissues generate additional tissue tension 4. Supporting this 

mechanical model, recent studies have revealed the existence of tissue stress that is 

functional in driving coordinated growth between cell layers in the tissues 53,54. In our 

computational modeling, pectin and hemicellulose were simplified as isotropic matrix 

components, consistent with their reported homogeneous distribution during early fiber 

elongation. While this approach highlights the dominant mechanical role of cellulose 

gradients, we acknowledge that future models could benefit from integrating more 

detailed spatial and biochemical properties of matrix polysaccharides to better capture 

the complexity of fiber cell wall mechanics. It is worth noting that the fiber elongation was 

only considered at the longitudinal dimension under various CMF deposition patterns in 

our simulations for simplification. Rather than acting as the determinant of whole fiber cell 

morphogenesis, in our study the CMF deposition is therefore best viewed as a key 

contributor to polarized growth. Indeed, gradient cellulose deposition confers unique 
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mechanical properties to the cotton fiber cell wall, enabling greater extensibility in the 

apex regions. These mechanical properties support the tip-biased diffuse growth mode 

we previously proposed 14. Consistent with this view, our mechanical modelling predicts 

a gradual decrease in axial strain rate from the apex toward the shank. As high-resolution 

tracking of local fiber elongation remains technically challenging, our current data only 

support a tip-biased diffuse growth mode rather than a fully resolved growth gradient. 

Future development of more stable fiducial labeling and dedicated imaging or microfluidic 

platforms will be important to directly measure local growth rates and further refine the 

growth model of cotton fibers. In addition, a more complete quantification of how 

transverse cellulose reinforcement contributes to effective longitudinal stiffness will 

require future in-plane mechanical measurements and high-resolution strain mapping in 

both circumferential and axial directions. 

Taken together, our work advances the emerging paradigm that cellulose gradients 

are critical for plant cell morphogenesis. By providing single-cell level evidence for a 

cellulose microfibril-dependent expansion mechanism, this study also highlights how 

targeted manipulation of cellulose distribution may improve fiber qualities. Future 

investigations focusing on modulating the expression or localization of cellulose synthase 

regulators can enable targeted manipulation of wall mechanics in specific fiber zones, 

which could offer new insights into cotton fiber quality improvement.  
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Methods 

 

Plant materials and growth conditions  

The cotton cultivars TM-1 and Hai7124 were used as the wild type control for the upland 

cotton (Gossypium hirsutum) and the sea-island cotton (Gossypium barbadense), 

respectively. The TM-1 was also used as recipient of the proCESA3-mNeoGreen-CESA3 

and the proCESA3-mNeoGreen-CESA3-proTUB1-mCherry-TUB9 constructs. Cotton 

transformation was performed as described previously 14. All the cotton lines were grown 

in the field under normal farming practices, or in a greenhouse with long-day (16 h light/8 

h dark) conditions at 28 ℃. Flowers were tagged on the day of anthesis, and fibers were 

dissected from ovules in bolls at various DPA for further analyses. Bolls from similar 

positions (primarily the middle boll positions) were uniformly harvested for fiber analyses. 

 

Plasmids Construction 

The constructs of proCESA3-mNeoGreen-CESA3 and proCESA3-mNeoGreen-CESA3-

proTUB1-mCherry-TUB9 were generated to obtain stable transgenic cotton lines 

expressing the fluorescent marker of the mNeoGreen-tagged CESA3, or cotton lines 

simultaneously expressing the double fluorescent marks of mNeoGreenCESA3 and 

mCherry-TUB9. The Phanta DNA polymerase with high fidelity (Vazyme Biotech Co., Ltd, 

AWS1207) was used to amplify all the required gene products as described in the 
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previous studies 55,56. In detail, for the construct of proCESA3-mNeoGreen-CESA3, the 

promoter (1,930 bp upstream from the initiation ATG) of CESA3 gene (Gh_A08G167200), 

the coding sequence of CESA3 genes and the 1,125 bp downstream untranslated region 

was amplified from the genomic DNA, respectively. And these fragments fused with the 

fragment of mNeoGreen were used to obtain the final expression constructs through the 

in-fusion cloning using the DNA Assembly Mix PLUS KIT (LABLEAD, D0204P). For the 

construct of proCESA3-mNeoGreen-CESA3-proTUB1-mCherry-TUB9, the promoter 

(1,608  bp upstream from the initiation ATG) of TUB1 gene (Gh_A08G207900), the coding 

sequence of TUB9 gene (Gh_A08G206600) and the 931bp downstream untranslated 

region was amplified from the genomic DNA, respectively. These fragments fused with 

the DNA fragment encoding mCherry were insert to the construct of proCESA3-

mNeoGreen-CESA3 through the in-fusion cloning using the DNA Assembly Mix PLUS 

KIT (LABLEAD, D0204P) to obtain the final expression construct. 

Atomic Force Microscopy 

Ovules at different developmental stages were collected, and fiber bundles were gently 

cut from the ovules and mounted on clean glass slides, then allowed to air-dry at room 

temperature. Atomic force microscopy (AFM) imaging and nano-indentation were 

performed using a Dimension Icon AFM (Bruker, Santa Barbara, CA, USA) operating in 

PeakForce Tapping mode with ScanAsyst and Quantitative Nanomechanical Property 

Mapping (QNM) as described previously 57. All images were acquired at 512 × 512 pixels 

over 2 µm × 2 µm scan areas positioned on visually flat regions of the fiber surface near 
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the tip or the shank. 

ScanAsyst-Air silicon-nitride probes (Bruker; nominal spring constant 0.2-0.7 N/m; tip 

radius ~10 nm) were used. The actual spring constant was calibrated by the thermal-tune 

method and the deflection sensitivity was determined on a hard glass surface using the 

NanoScope software. During PeakForce imaging, the force setpoint was adjusted to keep 

the maximum load below ~5 nN, which resulted in an indentation depths on the range of 

~100 nm. At every pixel a force curve was recorded and later analyzed in NanoScope 

Analysis 1.8 (Bruker). Regions of interest selected on relatively smooth areas of the fiber 

surface were used for statistical analysis. Modulus and stiffness are derived from force 

maps, with a built-in Hertz contact model with adhesion enabled, as implemented in the 

software. Because the fiber cell walls exhibited pronounced adhesive minima and 

nonlinear force-displacement behavior, the AFM-derived moduli should be regarded as 

apparent elastic modulus. Pixels affected by edges, dust, obvious baseline drift or poor 

fits were excluded from the analysis. 

Ovule culture in vitro culture and chase-labelling of newly formed cell walls 

The fresh flowers at 2 DPA were harvested from the cotton plants. The ovaries were then 

sterilized with 70% ethanol after removing petals and the sepals. The cotton ovules (2 

DPA) were disserted from the bolls and cultured at 28 °C in BT medium in dark. To access 

the influence of cellulose for cotton fiber development and morphology, either 0.1 μM of 

Isoxaben (DR. EHRENSTORFER, DRE-C14480000) or the 0.1% (w/v) of cellulase R-10 

(Yakult, L0112) was applied into the medium. The growth of cultured cotton fibers were 
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observed either by a stereoscope or by a confocal microscope.  

To determine the newly formed cell walls in cultured cotton fibers, 2.5 μM of 2-Azido-2-

deoxy-D-glucose (aGlu; HARVEYBIO, A33673) were applied or washed out to the 

medium in two stages of 4-hour periods. The ovules were washed three times with PBS 

(pH=7.4) and then labelled with 1 μM DBCO-Cy5 (AAT Bioquest, Lot: 923) for 20 min. 

Fluorescence of labeled cotton fibers was visualized via a confocal microscope (Leica 

SP8, excited at 633 nm, EM 650–670 nm) under a 40X objective. 

Immunolabelling of pectins in cotton fiber cells 

The cotton ovules were harvested from fresh flowers at 2-3 DPA and then fixed for 30 min 

with 4% (w/v) paraformaldehyde in PBS buffer (pH=7). After three times washes with PBS, 

the ovules were then incubated with 3% (w/v) milk protein in PBS buffer to block non-

specific binding sites. The primary antibodies (JIM5 or JIM7; PlantProbe) were diluted in 

1:10 with PBS and incubated with the ovules overnight at 4 ℃. After three washes with 

PBS, the ovules were then incubated with the secondary antibody (FITC conjugated goat 

anti-rat IgG; ABclonal, AS019) diluted in 1:100 with PBS for 1 h in dark at room 

temperature. Fibers were carefully cut off the ovules and placed onto Poly-Prep slides 

(Sigma-Aldrich) after three washes with PBS and examined via confocal microscope 

excited at 488 nm. 

To access the influence of pectins for cotton fiber development and morphology, fresh 

cotton ovules at 2 DPA were harvested and cultured in at 28 °C in BT medium in dark. 

0.1% (w/v) of pectinase (Biotopped, P6280C) was applied into the medium. After 12h 
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incubation, the pectinase treated ovules were performed immunolabelling with JIM5 to 

test the degradation of pectins. 

 

Assessing the thickness of cellulose in cotton fiber cell walls 

The cotton ovules were harvested from fresh flowers at 10 DPA. and then fixed overnight 

in 4 % (w/v) paraformaldehyde in PBS buffer (pH=7) at 4 °C. Then the ovules were 

dehydrated in ethanol and embedded in Technovit 7100. The cotton fibers were cut into 

sections (thickness, 5 μm) with a Leica RM2265 microtome, and stained with 0.05 % (w/v) 

Calcofluor White (CFW; Sigma-Aldrich, BCCF8014) for 5 min at room temperature in dark. 

The stained fiber cross sections were examined under 40X objective of the ZEISS Axio 

observer Z1 at excitation of 445 nm. The fluorescent of CFW intensity profile was 

measured using Line tools of ImageJ (https://imagej.nih.gov/ij/). The FWHM was 

calculated through a self-written macro after the Gaussian fitting.  

Scanning Electron Microscopy and S4B staining 

Cotton ovules at various developmental stages (0 DPA, 3 DPA and 7 DPA) were harvested 

from the fresh flowers, and frozen in the liquid nitrogen via frozen transmission system 

(Quorum PP3010T). The samples were broken and sublimated in -70 °C for 10 min. After 

sputtering with platinum (10 mA, 60 s), the imaging was performed in a high-resolution 

SEM 7401F (JEOL, Japan).  

To display the cellulose deposition by S4B staining, the ovules were collected from fresh 

flowers at 3 DPA and incubated with 0.1% (v/v) Tween-20 in PBS buffer (pH=7) for 5 min. 
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Then the samples were stained with 0.01% (w/v) S4B in PBS buffer for 15 min in dark. 

After three times washes, the fiber cells were cut off the ovules and placed onto slides. 

The fluorescent signals of stained celluloses were examined under 60X oil objective of 

confocal microscope with excitation at 561 nm. 

CRISPR/Cas9-mediated genome editing 

The CRISPR/Cas9-mediated genome editing was implied to knockout the GhCSI1 genes 

in both At (Gh_A11G212800) and Dt (Gh_D11G239500) of cotton genome. Dual guide 

RNA (sgRNA) 5’-ATCAGGATCTCTTGGAGTGA-3’ and 5’-

GTGCTTTGGAAGCTGCTAAA-3’ was designed from both of the coding region. CRISPR-

Cas9 experiments were conducted following previously reported experimental protocols 

58 and performed by WIMI Biotechnology with TM-1. The edited type of GhCSI1-A and 

GhCSI1-D were identified via Sanger sequencing (BGI Tech Solutions Co.) to obtain 

homozygous gene mutants with specific primers. All the cotton lines were grown in the 

field under normal farming practices, or in a greenhouse with long-day (16 h light/8 h dark) 

conditions at 28 ℃. Mature fibers (~10 g) were collected from the bolls of similar positions 

(primarily the middle boll positions) to determine the fiber length parameters by Advanced 

Fiber Information System (AFIS). 

Spinning-disc confocal microscopy and live-cell imaging 

Live-cell imaging was carried out under a spinning-disk confocal microscope (Ultraview 

VoX, PerkinElmer, Beaconsfield, Buckinghamshire, UK) equipped with the Yokogawa 

Nipkow CSU-X1 spinning disk scanner, Hamamatsu EMCCD 9100-13, Nikon TiE inverted 
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microscopy with the Perfect Focus System. mNeoGreen was excited at 488 nm, and 

mCherry was excited at 561 nm. A 100X Plan Apo oil immersion TIRF objective (NA=1.49) 

was used for most image sequences acquisition. Each time-lapsed image stack was 

acquired over five minutes with 30s intervals. Acquired images were processed and 

analysed using Volocity (Perkin Elmer), ImageJ (http://rsbweb.nih.gov/ij), as described 

previously 29,59. 

Computational simulation 

The detailed description of cotton fiber growth model is available in Supplementary Note 

1. 

Quantification and statistical analysis 

All statistical details (statistical test used, number of samples, and p values) for each 

experiment can be found in the Figure labels or legends. The statistical analyses were 

performed using GraphPad Prism 9 software. Data were considered statistically 

significant when p < 0.05 by statistical test performed as indicated in the Figure labels or 

legends. Two-tailed unpaired Student’s t test was used to compare two different groups 

of samples when indicated.  

Data availability 

Source data are provided with this paper. All data generated or analyzed during this study 

are included in this article and its supplementary information files. Further information and 

requests for resources and reagents should be directed to and will be fulfilled by the lead 

contact, Zhaosheng Kong (zskong@im.ac.cn). All unique reagents generated in this study 
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are available from the lead contact upon request and with a completed material transfer 

agreement. 

 

Code availability 

The code used for mathematical modeling and analysis is available on Code Ocean 

(Capsule: “Differential Cellulose Distribution Drives Polarized Growth of Cotton Fibers”, 

DOI: 10.24433/CO.0498922.v1). The GitHub repository (https://github.com/zhou-

biomech/DiffCMFCottonFibers) is provided as a development mirror. 
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Figure legends 

 

Fig. 1 | Mechanical features of cotton fiber primary cell walls reflect a tip-biased 

diffused growth mode.  

a, SEM images showing the fiber cells initiated from cotton ovule (0DPA) and followed by 

a rapid elongation stages (3 DPA and 7 DPA). Scale bars indicate 50 μm. The experiment 

was repeated independently three times with similar results. b, AFM maps of modulus 

show the mechanical features of cotton fiber cell walls between different cotton cultivars 

(G. hirsutum cv. TM-1 and G. barbadense cv. Hai7124) at 3 and 7 DPA. Warmer colors 

indicate higher modulus. Scale bars indicate 100 nm. c, Comparison of cell wall 

mechanical parameters, the modulus and stiffness, at fiber apex regions for TM-1 (G. 

hirsutum) and Hai7124 (G. barbadense) at 3 and 7 DPA. Colors distinguish cultivars. Box 

plots show the median and interquartile range, whiskers indicate the minimum and 

maximum values. n = 9 fibers from three different ovules were considered for each group. 

Statistically significant differences between groups were tested using two-way ANOVA 

with post-hoc Sidak’s test for multiple comparison. d, Comparison of cell wall mechanical 

parameters, the modulus and stiffness, at different positions of TM-1 fibers at 3 and 7 

DPA. Colors distinguish developmental stages. Error bars indicate SD. n = 9 fibers from 

three different ovules were considered for each group. Statistically significant differences 

between groups were tested using two-way ANOVA with post-hoc Sidak’s test for multiple 

comparison. Exact P values are shown in the figure panels. e, Osmotic deformation 

analysis for 3 DPA fibers before (water) and after hyperosmotic (0.8 M mannitol) 

conditions. Images were acquired from the same ovule region before and after medium 

exchange; due to dense fiber packing, individual-fiber pairing could not be reliably 

ensured. Arrows indicate the locations where fiber width was measured. Scale bars 

indicate 20 μm. f, Comparisons of fiber width between water and hyperosmotic treatment 

at the tip and shanks as indicated in e. Box plots show the median and interquartile range, 

whiskers indicate the minimum and maximum values. n = 40 fibers from four ovules were 

considered. Statistically significant differences between groups were tested using one-

way ANOVA with post-hoc Sidak’s test for multiple comparison. Exact p-values were 

indicated in the panels.  

 

Fig. 2 | Visualization of cell wall synthesis in fiber cells with the click-chemistry-

based method.  

a, Clickable reaction to generated Cy5-labeled cellulose in cell walls. b, Cartoon 

schematic showing the chase labeling of newly synthesized cell walls of fiber cells via 

feeding azido-glucose (aGlu) to cultured ovules at different periods. After conjunction with 

DBCO-Cy5, the newly formed cell walls could be observed under confocal microscopy. c, 
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Confocal images showing the Cy5-labeled cell walls of fiber cells (3DPA) after a four-hour 

absorption of aGlu. Yellow or black circles highlight the newly formed cell walls at the tip 

regions of fiber cells. Scale bars, 10 μm. The experiment was repeated independently 

over three times with similar results. 

 

Fig. 3 | A cellulose accumulation gradient supports directed cotton fiber elongation.  

a, Evaluation of the thickness of cellulose (stained by CFW, left panel) in the tip (top 

panels) and the shank (bottom panels) in cotton fiber cell walls (10 DPA). The intensity of 

CFW signals (blue dotted lines, right panels) are fitted by gaussian distributions (red 

shadows, right panels). The red double head arrows (right panels) indicate the FWHW of 

CFW fluorescent intensity that represents the thickness of celluloses in fiber cell walls. 

Scale bars, 10 μm. b, Comparison of cellulose thickness between the tip and shank region 

of cotton fiber cell walls. Box plots show the median and interquartile range, whiskers 

indicate the minimum and maximum values. n = 11 fiber cells from four ovules of each 

group were taken into account. Statistically significant differences between groups were 

tested using a two-sided unpaired t test. Exact P values are shown in the figure panels. 

c, S4B staining shows the differential accumulation of cellulose microfibrils between tip 

and shank region of cotton fiber cell walls (3 DPA), scale bar, 5 μm. d, The shank regions 

of cotton fiber cell walls exhibit higher content of cellulose microfibrils deposition as 

suggested by S4B fluorescent intensity. Box plots show the median and interquartile 

range, whiskers indicate the minimum and maximum values. n = 11 fibers from four ovules 

were taken into account. Statistically significant differences between groups were tested 

using a two-sided unpaired t test. Exact P values are shown in the figure panels. e, Cross 

sections of cotton fibers (10 DPA) at the tip region were stained with CFW showing the 

cellulose-rich wall ring (left, scale bar, 10 µm). The CFW-labelled wall thickness (indicated 

by CFW FWHW intensity) was proportional to the diameters of cotton fiber cross sections 

(right, n=12). The red fitted line indicates linear regression.  

 

Fig. 4 | Distribution and dynamic behavior of CSCs in cotton fiber cells.  

a, Live-cell imaging shows the distribution of CSCs and organization of microtubules in 

growing cotton fiber cells (2 DPA). The mNeoGreen-GhCESA3 foci (green) accumulate 

on the plasma membrane and exhibit linear trajectories distribution (yellow dotted lines) 

that is co-localized with microtubules (magenta). Yellow arrows indicated SmaCCs. Scale 

bars, 5 μm. The experiment was repeated independently over five times with similar 

results. b, Confocal images show the distribution of CESA3 foci in fiber cells at initiation 

(left, 0 DPA) and elongation stages (right, 2 DPA). Scale bars, 10 μm. The experiment 

was repeated independently over five times with similar results. c, Time-lapsed images 

(top panels) show the motility of CESA3 foci. Yellow and cyan circles indicate two 

individual CESA3 foci, and the yellow dotted line represents a base line. The cyan arrows 
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highlight the region and direction used for the kymograph analyses (bottom panels). d, 

Motility of CESA3 foci in different types of cells. Box plots show the median and 

interquartile range, whiskers indicate the minimum and maximum values. n = 11 fibers 

from four ovules of each group were taken into account. More than 200 events of each 

group were identified. Statistically significant differences between groups were tested 

using one-way ANOVA with post-hoc Tukey test for multiple comparison. Numbers 

represent detailed P values. e, Confocal images showing the differential distribution of 

CESA3 foci between cotton fiber tips and shanks. Scale bars, 10 μm. f and g, Comparison 

of CESA3 foci motility f and density g in different regions of cotton fibers at the elongation 

stage. Box plots show the median and interquartile range, whiskers indicate the minimum 

and maximum values. n = 11 fibers from four ovules of each group were taken into 

account. More than 200 events were identified. Statistically significant differences 

between groups were tested using two-sided unpaired t test or one-way ANOVA with post-

hoc Tukey test for multiple comparison. Exact P values are shown in the figure panels.  

 

Fig. 5 | Differential CMF deposition mediated by microtubules affects cotton fiber 

elongation.  

a, 3D reconstruction confocal images show the microtubule organization in fiber cells at 

initiation (0 DPA) and elongation stages (2 DPA). Yellow arrow indicates MDZ in 

elongating fiber cells, and yellow asterisks indicate microtubules in apex of fiber cells at 

initiation stage. The yellow bracket indicates tip region of cotton fiber cell. Spacing 

between adjacent grid crosses on the sphere corresponds to 22 μm. b and c, 

Representative confocal images (Scale bars, 10 μm) of microtubule organization in tip 

and shank regions of growing cotton fiber cells (2 DPA) b show increased microtubule 

density at the shank regions c. Box plots show the median and interquartile range, 

whiskers indicate the minimum and maximum values. 11 fibers from four ovules were 

taken into account. Statistically significant differences between groups were tested using 

a two-sided unpaired t test. Exact P values are shown in the figure panels. d and e, 

Confocal images of microtubule organization in cultured fiber cells after drug treatment. 

Scale bars, 10 μm d. Either propyzamide or Taxol treatment could narrow the microtubule 

density between tip and shanks of cotton fiber cells e. Box plots show the median and 

interquartile range, whiskers indicate the minimum and maximum values. n = 9 fibers from 

three ovules of each group were taken into account. Statistically significant differences 

between different fiber regions and drug treatment were tested using ANOVA with post-

hoc Tukey test for multiple comparison. Exact P values are shown in the figure panels. f 

Chase labeling of newly formed cell walls in fiber cells after drug treatment. Dashed circles 

and yellow arrows highlight the newly formed cell walls.  Scale bars, 5 μm. The 

experiment was repeated independently over three times with similar results. g, 

Representative simulation result showing strains of each region of the cell walls (red 

boxes) along the model with differentially deposited CMFs. For the sake of visual 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

presentation, only 1/50 of the CMF-associated springs in amounts are drawn in the figure. 

h, Quantification of deformation strains along the cell walls. Ten rounds of simulations 

were applied under three different conditions. Error bars indicate SD. i, Proposed model 

of differentially deposited CMFs mediated by microtubules could transfer unidirectional 

turgor pressure into growing driven force, and exhibit a tip-biased diffuse growth mode. 

 

 

 

Editorial summary: 

Here the authors show that microtubules guide the spatial distribution of cellulose synthase complexes 

in cotton fibers and produce a gradient of cellulose microfibrils that creates patterned cell wall mechanics 

that support tip-biased elongation. 

 

Peer review information: Nature Communications thanks Notburga Gierlinger, and the other, 

anonymous, reviewer(s) for their contribution to the peer review of this work. A peer review file is available. 
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