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Abstract 35 

Cotton fiber development relies on complex and intricate biological processes to transform newly 36 
differentiated fiber initials into the mature, extravagantly elongated cellulosic cells that are the foundation 37 
of this economically important cash crop. Here we extend previous research into cotton fiber development 38 
by employing controlled conditions to minimize variability and utilizing time-series sampling and 39 
analyses to capture daily transcriptomic changes from early elongation through the early stages of 40 
secondary wall synthesis (6 to 24 days post anthesis; DPA). A majority of genes are expressed in fiber, 41 
largely partitioned into two major coexpression modules that represent genes whose expression generally 42 
increases or decreases during development. Differential gene expression reveals a massive transcriptomic 43 
shift between 16 and 17 DPA, corresponding to the onset of the transition phase that leads to secondary 44 
wall synthesis. Subtle gene expression changes are captured by the daily sampling, which are discussed in 45 
the context of fiber development. Coexpression and gene regulatory networks are constructed and 46 
associated with phenotypic aspects of fiber development, including turgor and cellulose production. Key 47 
genes are considered in the broader context of plant secondary wall synthesis, noting their known and 48 
putative roles in cotton fiber development. The analyses presented here highlight the importance of fine-49 
scale temporal sampling on understanding developmental processes and offer insight into genes and 50 
regulatory networks that may be important in conferring the unique fiber phenotype. 51 
 52 

Introduction 53 

Cotton fibers are individual cells that emerge from the developing ovule epidermis and develop over a 54 
period of about two months from initiation to maturity.  Fiber development entails a tightly coordinated 55 
series of overlapping stages that oversee the transformation of individual cells from spherical epidermal 56 
protrusions on the ovular surface to mature fibers whose length can exceed 5 cm and whose cell wall 57 
(CW) composition approaches 98% cellulose (Kim and Triplett, 2001; Butterworth et al., 2009; Kim, 58 
2018; Jareczek, Grover and Wendel, 2023). These highly polarized cells are both useful models for plant 59 
cell morphogenesis (Kim and Triplett, 2001; Butterworth et al., 2009; Kim, 2018; Jareczek, Grover and 60 
Wendel, 2023; Haigler et al., 2012) and form the foundation of a multibillion dollar textile industry; 61 
therefore, understanding their growth and development are important from both agronomic and 62 
fundamental biology perspectives. Although four species of cotton have been independently 63 
domesticated, Gossypium hirsutum (or Upland cotton), comprises the vast majority of the market share 64 
(~95%) due to its high yield, greater pest resistance, and environmental adaptability (Constable et al., 65 
2015). Gossypium hirsutum is an allopolyploid containing two coresident genomes (At, Dt) donated by 66 
the progenitor diploids at the time of polyploid formation circa 1 million years ago (reviewed in (Viot and 67 
Wendel, 2023; Hu, Grover, Yuan, et al., 2021)). Following its initial domestication, G. hirsutum 68 
experienced strong directional selection for intensely elongated fiber (Kim, 2015; Applequist et al., 69 
2001), among other traits, which resulted in massive reorganization of the fiber transcriptome and tighter 70 
coordination among fiber-related genes (Gallagher et al., 2020; Rapp et al., 2010). 71 
 72 
At the biosynthetic level, fiber development requires intricate coordination of cellular processes that 73 
establish the shape and length of the fiber cell. Morphogenesis takes place over several overlapping stages 74 
(Figure 1) whose interplay ultimately determines fiber characteristics. The first stage, initiation, begins on 75 
the ovular surface around the time of anthesis (i.e., flower opening) and is regulated by phytohormones 76 
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(e.g., positive regulators include auxin, brassinosteroids, and jasmonic acid; reviewed in (Xiao et al., 77 
2019; Jareczek, Grover and Wendel, 2023), as well as reactive oxygen species (ROS). Evolutionarily 78 
conserved MYB cell-fate control genes are implicated in fiber initiation, as are many other genes (L., 79 
Wang et al., 2021; Zou et al., 2022; Qin et al., 2019; N.,-N., Wang et al., 2021; Ando et al., 2021; Zhao 80 
et al., 2019; Jiao et al., 2023; Jiang et al., 2021; Hu et al., 2016), including those involved in 81 
cytoskeleton-dependent cell wall patterning (Li et al., 2005; Qu et al., 2012; Gilbert et al., 2014; Y., 82 
Zhang et al., 2021). Fiber cells elongate through a highly polarized form of anisotropic diffuse growth 83 
over about 3 weeks (Kim, 2018). Soon after fiber elongation begins, the cells taper under the influence of 84 
apical microtubules and cellulose to progressively reduce and restrict cell diameter throughout 85 
development (Stiff and Haigler, 2016; Yanagisawa et al., 2015; Yanagisawa et al., 2022). This 86 
specialized apical domain and transverse network of microtubules help to establish fiber cell diameter and 87 
enable resistance to swelling along the cell axis as elongation continues. Transverse cortical microtubules 88 
direct the synthesis of parallel stiff cellulose microfibrils that resist radial expansion as high turgor 89 
pressure drives anisotropic growth (Lockhart, 1965; Proseus et al., 2000; Ryser, 1977; Tiwari and 90 
Wilkins, 1995; Qin and Zhu, 2011; Yu et al., 2019). 91 
 92 
 93 

 94 
Figure 1. Illustration of cotton fiber developmental 95 
timeline focusing on the first half of development. 96 
Cotton fiber development starts with initiation of fiber 97 
cells on the ovule seed coat, which begins around the 98 
time of flower opening (anthesis) and continues during 99 
the first few days of seed development during which the 100 
fiber cells taper to reduce cell diameter (by 2 days post 101 
anthesis; DPA). The elongation phase, which includes 102 
primary wall synthesis, has complex dynamics and 103 
persists for about 20 days. At approximately 16 DPA, 104 
the transition between elongation and cell wall 105 
thickening begins. The mature, cellulose-rich fiber is 106 
fully formed at about 50 DPA. Images are placed in 107 
their approximate position along the developmental 108 
timeline. Cut capsules (“bolls”) and developing fibers 109 
are shown to the left and right of the timeline, 110 
respectively. Confocal images of developing fibers 111 
show the orientation of the cellulose microfibrils, which 112 
changes from approximately transverse during 113 
elongation to an increasingly steep helix beginning at 114 

the transition stage. Images of growing ovules with fiber combed away in two directions are intercalated.  115 
 116 
The composition and material properties of the cell wall matrix polysaccharides are also tuned during the 117 
elongation phase to enable predictable cell shape outcomes (Avci et al., 2013; Swaminathan et al., 2024; 118 
Delmer et al., 2024). Complex interactions between the cellulose and matrix components of the wall 119 
likely underlie much of the observed growth rate variability (Yanagisawa et al., 2015; Yanagisawa et al., 120 
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2022). Important polysaccharides during this phase are those such as cellulose, xyloglucan, and pectin 121 
(Haigler et al., 2012; Kim and Triplett, 2001; Avci et al., 2013; Pettolino et al., 2022; Jareczek, Grover 122 
and Wendel, 2023), whose arrangement and composition results in unidirectional extensibility. Both 123 
turgor and cell wall stiffness influence fiber growth rate (Yanagisawa et al., 2015; Yanagisawa et al., 124 
2022), which makes turgor modulation and fiber cell wall composition change during development (Avci 125 
et al., 2013; Meinert and Delmer, 1977; Pettolino et al., 2022) active areas of research.  126 
 127 
As with the initiation phase, numerous genes have been implicated in elongation, including transcription 128 
factors and various cytoskeletal genes (Pu et al., 2008; Machado et al., 2009; Shan et al., 2014; Luo et al., 129 
2007; Yang et al., 2014; Zhang et al., 2017; Huang et al., 2021; Takatsuka et al., 2018). Phytohormones 130 
continue to play an important role in elongation (Jareczek, Grover and Wendel, 2023), with many 131 
ethylene biosynthetic genes and pathways upregulated during this stage (Ahmed et al., 2018; Xiao et al., 132 
2019). These in turn influence the expression of fiber-related genes such as cellulose synthase, expansins, 133 
and sucrose synthase, while also influencing both the brassinosteroid pathway and ROS management, the 134 
latter contributing to anisotropic growth in the fiber (Ahmed et al., 2018; Xiao et al., 2019; Tang et al., 135 
2014; Jareczek, Grover and Wendel, 2023).  136 
 137 
A major developmental transition takes place somewhere between ~16 to 20 DPA (Figure 1), marking the 138 
switch from fiber elongation to secondary cell wall (SCW) synthesis (Meinert and Delmer, 1977). The 139 
transition is a distinct development stage characterized by: increased cellulose synthesis; changes in 140 
microtubule and cellulose microfibril orientation; decreased synthesis of primary cell wall (PCW) 141 
polysaccharides; and degradation of the cotton fiber middle lamella (CFML), among other changes in 142 
biochemical and cellular features (Haigler et al., 2012; Singh et al., 2009). Correspondingly extensive 143 
changes in gene expression and other regulatory processes (e.g., phytohormone activity) occur (Zhou et 144 
al., 2019; Tuttle et al., 2015; Jareczek, Grover and Wendel, 2023). The fiber, which is composed of 90 - 145 
95% cellulose at maturity, commits increasing resources toward cellulose production as the fiber moves 146 
into the last phase of SCW thickening (~23 DPA to 45 DPA; Figure 1). Some of the regulatory genes 147 
involved in the transition include NAC-domain factors (e.g., SND1 and TALE family genes; (Zhong et 148 
al., 2006; Ma et al., 2019)), MYB genes (including GhMYBL1; (Zhong et al., 2006; Li et al., 2009; Sun 149 
et al., 2015)), and the transcription factor Hot216, a KIP-related protein that regulates a network of ~1000 150 
cell wall synthesis genes (Li et al., 2020). As the cell moves into SCW synthesis, a subgroup of cellulose 151 
synthases become highly expressed (Kim, 2018), along with genes related to regulation of UDP-glucose, 152 
the substrate for synthesis of cellulose and some other cell wall polymers (Buchala, 1999). Many other 153 
genes are also up-regulated, given the complex changes in the metabolome during the SCW stage (Tuttle 154 
et al., 2015). 155 
 156 
The molecular underpinnings of fiber development and various fiber properties (e.g., length, strength) in 157 
G. hirsutum have been evaluated at the transcriptome level using different comparative strategies and 158 
time points. Many comparisons have evaluated the expression differences that underlie important fiber 159 
morphologies via differential gene expression at key timepoints between accessions that vary in these 160 
important fiber properties (Qin et al., 2019; Li et al., 2023; Naoumkina et al., 2015; Islam et al., 2016) or 161 
among time points sampled (Wang et al., 2010; Gallagher et al., 2020; Jareczek, Grover, Hu, et al., 2023; 162 
Yoo and Wendel, 2014), resulting in many of the insights mentioned above. Others have made 163 
interspecific comparisons to G. barbadense, whose fiber possesses several desirable properties (Tuttle et 164 
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al., 2015; Jareczek, Grover, Hu, et al., 2023; Zhu et al., 2011; Chen et al., 2012; Rapp et al., 2010), or 165 
compared developmental timelines between wild and domesticated forms of G. hirsutum (Jareczek, 166 
Grover, Hu, et al., 2023; Rapp et al., 2010; Gallagher et al., 2020; Yoo and Wendel, 2014). The 167 
emerging picture from these and other studies is that fiber development is transcriptionally complex, in 168 
part reflecting overlap and compromises among the gene networks regulating important fiber properties 169 
such as length and strength.  170 
 171 
In this study, we extend our prior understanding of fiber development by sampling the transcriptome more 172 
densely than in prior studies and, combined with data from other ‘omics’ and fiber phenotypes, provide 173 
preliminary information regarding the networks controlling cotton fiber development. These data allow a 174 
more fine-scale characterization of elongation, the transition phase, and SCW synthesis, when fiber 175 
becomes increasingly committed to cellulose production. Using the genetic standard line G. hirsutum cv. 176 
TM-1 (Kohel et al., 1970) grown under light and temperature-controlled conditions, we sampled daily 177 
from 6 to 24 days post anthesis (DPA) to evaluate changes in gene expression during key stages defining 178 
the qualities of mature cotton fiber. We characterize gene expression patterns in the context of a 179 
developmental time series and use multiple methods to understand the relationships among genes, finding 180 
that gene expression is highly coordinated with over half of expressed genes gradually increasing or 181 
decreasing in expression throughout the time period studied. We also note a major transcriptomic shift 182 
corresponding to the start of the transition phase (Figure 1) and use network analyses to determine 183 
putative relationships among key genes. We combine gene expression data with proteomic, glycomic, and 184 
phenotypic surveys in the same accession (G. hirsutum cv. TM-1) grown under the same conditions and 185 
sampled at the same time points to further increase our understanding of the phenotypic consequences of 186 
transcriptomic changes. Key candidate genes for control of fiber development are identified and 187 
discussed. 188 
 189 

Results 190 

General description of the data  191 
Gene expression during fiber development was surveyed from the early stages of PCW synthesis through 192 
the initiation and maintenance of SCW synthesis (i.e., 6 - 25 DPA; Figure 1). Three replicates were 193 
collected for each stage; however, library construction failed for four samples (one each for 20 and 24 194 
DPA and two for 25 DPA). Repeated attempts to generate these replicates were unsuccessful, and thus 195 
they were omitted. From the 56 successful samples, we recovered between 1.5 and 264.6 million (M) 196 
reads (mean = 41.2 M, median = 36.4 M) per sample. Clean reads were mapped to the 74,776 reference 197 
genes, resulting in an average of 55,008 genes expressed at any given time point (Supplementary Figure 198 
1; Supplementary Table 1). 199 
 200 
Notably the number of expressed genes (~74% of transcriptome) is generally stable across replicates and 201 
DPA, with the exception of 14 DPA replicate A and the sole 25 DPA replicate (Supplementary Figure 1). 202 
Because 14 DPA replicate A had substantially fewer expressed genes than the other replicates, we 203 
removed this sample as a potentially early-aborted capsule. We also removed the single 25 DPA sample 204 
noted above from subsequent analyses of differential gene expression (DGE) and gene regulatory and/or 205 
coexpression reconstruction. 206 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 22, 2024. ; https://doi.org/10.1101/2024.07.20.604417doi: bioRxiv preprint 

https://doi.org/10.1101/2024.07.20.604417
http://creativecommons.org/licenses/by-nd/4.0/


6 

 207 
Principal component analysis (PCA) of the expressed genes was used to explore patterns in the data 208 
(Figure 2). In general, the first axis (PC1; 56% variance) clustered replicates and sequentially separated 209 
DPA along a temporal axis (from left to right). A small gap on the primary axis is observed between 9 210 
and 10 DPA, which reflects the middle of elongation via PCW synthesis. Notably, the largest gap in the 211 
primary axis (PC1) is between 16 and 17 DPA, which is at the beginning of the transition stage (~16-20 212 
DPA; (Tuttle et al., 2015)). Interestingly, the initial four timepoints (6-9 DPA) and last six timepoints 213 
(19-24 DPA) surveyed exhibited little differentiation along the primary axis, perhaps suggesting relative 214 
consistency in expression and/or tighter regulation of expression during the stages of early elongation and 215 
early CW thickening, respectively. The seven intervening timepoints (10-16 DPA), which are spread out 216 
along the primary axis, are correlated with the majority of elongation before the transition phase begins. 217 
 218 
 219 

 220 
Figure 2. PCA of expression data for cotton fiber sampled daily between 6 and 24 DPA. Each DPA is 221 
individually colored and listed, and ellipses encompass replicates for each DPA. First and second axes are 222 
displayed, accounting for 54% and 9% of the variance, respectively. PC1 generally separates samples by 223 
time, whereas PC2 likely reflects variation between plants or bolls. 224 
 225 
Gene expression trends across fiber development 226 
Differential gene expression was evaluated for all 74,776 reference genes for adjacent stages, as 227 
summarized in Figure 2. In general, the number of differentially expressed genes was equivalent between 228 
both subgenomes (i.e., AT and DT). Consistent with the aforementioned observation of a distinct 229 
difference between 16 and 17 DPA samples (Figure 2), the number of differentially expressed genes 230 
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(DEG) between those timepoints was more than an order of magnitude greater than most other 231 
comparisons (11,417 DEG, versus 16 - 5,562 in other comparison; median = 269 DEG, mean = 1,531 232 
DEG; Supplementary Table 2), suggesting massive changes in gene expression correlated with entering 233 
the transition stage. Other, smaller spikes in DEG number were also apparent in the subsequent two 234 
comparisons (i.e., 18 versus 17 DPA and 19 versus 18 DPA), as well as between 22 and 23 DPA (Figure 235 
3). Few sharp increases were seen prior to the transition phase, save for small increases in DEG between 7 236 
- 8 DPA and between 12 - 13 DPA. Interestingly, despite the disjunction between 9 and 10 DPA evident 237 
in the PCA plot, few genes exhibited significant differences in expression, suggesting that this apparent 238 
disjunction between these two DPA is the result of numerous subtle (i.e., not statistically significant) 239 
changes in gene expression. 240 
 241 

 242 
Figure 3. Differential gene expression between adjacent DPA. The number of differentially expressed 243 
genes between adjacent DPA comparisons is depicted for the time series. The left panel represents all 244 
differentially expressed genes, whereas the middle and right panels are parsed as genes that are up- or 245 
down-regulated in the later DPA, respectively. Colors and line types represent either the number of DEG 246 
when considering both homoeologs together (green, short dash), the A-homoeolog only (red, solid line), 247 
or the D-homoeolog only (blue, long dash). 248 
 249 
On average, the number of genes exhibiting down-regulation on adjacent days slightly out-numbered up-250 
regulation (average of 805 versus 726, respectively) across the developmental timeline surveyed here. In 251 
nearly two-thirds of the adjacent DPA contrasts (60%; 11 contrasts), the number of down-regulated DEGs 252 
at the later days outnumbered the number of up-regulated DEGs; however, the opposite it true when 253 
evaluating patterns of differential expression in the context of a timeseries. When fit to a continuous 254 
model of gene-wise expression using ImpulseDE2, the number of genes that transition up (Tr-Up; 19,706 255 
genes) or are transiently upregulated (Im-Up; 3,402 genes) during this developmental period (6 to 24 256 
DPA) outnumbers those that transition down (Tr-Down; 14,491genes) or are transiently downregulated 257 
(Im-Down; 1,871 genes; Figure 4). The broad classifications of genes in these categories are available in 258 
(Supplementary Figure 1). As defined by ImpulseDE2, genes in the transition categories either 259 
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continuously increase (TrGene-Up) or decrease (TrGene-Down) their expression throughout the sampled 260 
time period. The 19,076 genes in the TrGene-Up category encode: glycoside hydrolases with a predicted 261 
role in deconstructing CW matrix polymers such as those found in the CFML (Singh et al., 2009); 262 
transcriptional regulators of SCW synthesis; polysaccharide synthases, including cellulose synthases in all 263 
six major classes; accessory protein participants in cellulose synthesis; modulators of the microtubule and 264 
actin cytoskeleton; FASCICLIN-like arabinogalactan proteins; hormone response regulators (e.g auxin, 265 
brassinosteroid, ethylene, gibberellin, and jasmonic acid); producers and scavengers of reactive oxygen 266 
species; and many other proteins that can be logically associated with cotton fiber development (see other 267 
text and references in this article). The TrGene-Up category also includes homologs of many other 268 
regulatory and structural proteins that have been characterized in cotton or other species (primarily 269 
Arabidopsis), as well as many uncharacterized proteins. 270 
 271 
 272 
The transient (or impulse) categories refer to genes whose expression profiles exhibit either increased 273 
(Im-Up) or decreased (Im-Down) expression during the middle of the time course and relatively lower or 274 
higher expression at the beginning and end, respectively. Interestingly, the beginning of the impulse 275 
periods (i.e., where Im-Up and Im-Down genes change expression) coincides with the small disjunction 276 
on the PCA between 9 and 10 DPA and the apex of the impulse period coincides with the major shift in 277 
gene expression between 16 and 17 DPA. The latter apex is particularly interesting, as it may reflect 278 
genes which regulate or participate in the massive changes in gene expression observed at the onset of the 279 
transition phase. Gene ontology (GO) analyses of these categories reveal many terms enriched within the 280 
Im-Up category for both Molecular Function (MF) and Biological Process (BP), and comparatively fewer 281 
terms for the Im-Down category (Supplementary Figures 1 and 2). Among the Im-Up genes (i.e., *up; 282 
Figure 4) are genes related to CW extensibility (Jareczek, Grover and Wendel, 2023), which is required 283 
for rapid elongation. Interestingly, the proportion of transcription factors in the Im-Up category (10.1%) 284 
is significantly lower than found in the Tr-Up category (20.3%, p<0.01 1-sample proportion test) and the 285 
proportion of Im-Down transcription factors (17.9%) is significantly greater than that found in the Tr-286 
Down category (10.7%, p<0.01 1-sample proportion test). 287 
 288 
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 289 
Figure 4. ImpulseDE2 profiles for developing cotton fibers (6 DPA through 24 DPA). Categories include 290 
genes whose expression transition up (up, Tr-Up); transition down (down; Tr-Down); impulse up (*up, 291 
Im-Up); or impulse down (*down; Im-Down). Colors reflect relative expression levels, where blue 292 
indicates lower expression and red indicates higher expression. Bars at the top of the diagram indicate the 293 
phase in fiber development covered by those DPA, i.e., PCW synthesis to support rapid elongation, 294 
transitional CW remodeling, and SCW synthesis. Vertical black lines indicate the 9-10 and 16-17 DPA 295 
gaps from the PCA that also exhibit the most adjacent DPA expression changes.  296 
 297 
Interestingly, the time points sampled captured a small number of genes whose expression increased 298 
sharply between 23 and 24 DPA. DEG analysis revealed 201 genes upregulated at 24 DPA relative to 23 299 
DPA (log2 fold change of 0.80 - 33.34), with 82% of the genes having log2 fold change > 2.0. Among 300 
these include genes that may be involved in the dominant process of cellulose deposition (see discussion) 301 
that begins circa 24 to 25 DPA in cotton fiber, including a GTPase protein (Gorai.011G031400, both 302 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 22, 2024. ; https://doi.org/10.1101/2024.07.20.604417doi: bioRxiv preprint 

https://doi.org/10.1101/2024.07.20.604417
http://creativecommons.org/licenses/by-nd/4.0/


10 

homoeologs), two NAC transcription factors (Gorai.006G205300.A and Gorai.003G077700.D), and a 303 
MYB-like transcription factor (Gorai.001G138800.D).  304 
 305 
Construction of a gene coexpression network 306 
Expression relationships among genes were first analyzed using coexpression network analysis, which 307 
places genes into modules based on their correlated expression patterns and summarizes the expression of 308 
the genes within each module as the eigengene (i.e., the first principal component of the module). 309 
Approximately 7% (5,237) of the 74,446 genes were removed due to zero variance across the sampled 310 
times. The remaining 69,209 genes were placed in 18 modules, referred to as ME0 through ME17 (Figure 311 
5; Supplementary Figure 3), where ME0 (9,748, 14.1%) comprises genes whose expression could not be 312 
assigned to a coexpression module (Langfelder and Horvath, 2008). Interestingly, the first two true 313 
modules (i.e., ME1 and ME2) each contain over 25% of the genes in the network. ME1 comprises 22,583 314 
genes (32.6%) and exhibits an eigengene profile consistent with increased expression over time (Figure 5; 315 
Supplementary Figure 3). Intersection between ME1 and the Tr-Up category of differential expression 316 
(above) reveals 16,705 genes from ME1 are also contained within that category (Supplementary Table 3), 317 
representing 87.6% of the Tr-Up genes and 74.0% of ME1 genes. Complementing ME1, ME2 (18,919 318 
genes; 27.3% of network) exhibits an eigengene profile consistent with decreasing expression over the 319 
time series. Similar to ME1, a majority of Tr-Down genes (12,991 genes, or 89.7%; Supplementary Table 320 
3) are contained within ME2, comprising 68.7% of the total genes in ME2. Notably, the expression 321 
profiles of the eigengenes for these first two modules exhibits an axial flip between 16 and 17 DPA 322 
(Supplementary Figure 3), reflecting both the disjunction observed in the PCA and the major shift in gene 323 
expression exhibited in the time series differential expression analysis.  324 
 325 
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 326 
Figure 5. Eigengene expression for coexpression modules derived from cotton fibers developing in 327 
stages, as indicated at the top. Modules are listed in numerical order, and modules significantly associated 328 
with development are noted with and * and in bold. Colors represent the relative module eigengene 329 
expression, and box size represents the standard error (SE), where larger boxes represent eigengene 330 
expression values with low SE. Fiber development stages are noted at the top, and the division between 9 331 
versus 10 and 16 versus 17 DPA are noted by vertical lines. 332 
 333 
 334 
Both ME1 and ME2 also contain relatively high proportions of the Im-Up and Im-Down genes 335 
(Supplementary Table 3). ME1 contains 26.4% (899 out of 3,402) of the Im-Up genes and 21.4% of the 336 
Im-Down genes (400 out of 1,871), while ME2 contains 10.9% (370 genes) and 42.7% (798 genes), 337 
respectively. Although this represents 37.3 - 64.0% of genes contained within each impulse category, 338 
these genes represent only about 2 - 4% of the total genes in each module (Supplementary Table 3). 339 
While the expression trajectories of these transiently expressed/suppressed genes may not directly 340 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 22, 2024. ; https://doi.org/10.1101/2024.07.20.604417doi: bioRxiv preprint 

https://doi.org/10.1101/2024.07.20.604417
http://creativecommons.org/licenses/by-nd/4.0/


12 

correspond to the module eigengene expression trajectory, their inclusion in these modules may indicate 341 
their participation in the general increase or decrease in expression of these modules. 342 
 343 
The remaining modules (ME3 - ME17) contain far fewer genes (7,177 to 143, respectively), of which 12 344 
modules are significant with respect to development (p<0.05; anova ME~sample; Figure 5). Notable 345 
among these are ME8 (766 genes) and ME9 (531 genes), both of which contain a relatively high 346 
proportion of the Im-Up genes (~13% each) relative to the remaining modules (except ME1; 347 
Supplementary Table 3). In both modules, more than half of the genes are assigned to the Im-Up category 348 
(ME8: 450 genes, 58.0% and ME9: 443 genes, 83.4%), which is reflected in their eigengenes, which start 349 
with low expression, peak in the middle of the timeseries, and then exhibit declining expression in the 350 
later time points; no Im-Down genes are detected in this category. This pattern is particularly apparent in 351 
ME9, which exhibits a sharp increase in expression between 9 - 12 DPA and a sharp decline between 16 - 352 
19 DPA, and notably coincides with the fiber developmental periods encompassing rapid elongation and 353 
attenuation of elongation, respectively.  354 
 355 
Three additional, consecutive modules (i.e., ME12-14) exhibit a high proportion of genes that are 356 
considered Im-Up or Im-Down (Supplementary Table 3), which is also somewhat consistent with their 357 
eigengene profiles (Figure 5; Supplementary Figure 3). Of those three, ME13 and ME14 have the greatest 358 
number of genes in the model that are Im-Up (i.e., 48.2% and 49.8% of module genes, versus 33.9% in 359 
ME12), and contain no genes that are considered Im-Down (as was observed for ME8 and ME9). 360 
Conversely, ME12 contains proportionately fewer Im-Up genes along with a small number of Im-Down 361 
genes (24; 6.1% of genes in module); however, the eigengene trajectory in ME13 is more similar to 362 
ME12 than it is to ME14. That is, both ME12 and ME13 exhibit an increase in eigengene expression 363 
starting around 13 DPA that subsequently plummets at ~23 DPA. ME14 exhibits a dissimilar profile (i.e., 364 
increasing steadily from 6 DPA followed by a sharp decline at 19 DPA) to both of these, suggesting that 365 
it may reflect a different aspect of fiber development.  366 
 367 
With respect to the remainder of the Im-Down category genes, fewer modules (aside from ME1 and 368 
ME2) exhibit a relatively high number of these genes relative to the abundance in other modules 369 
(Supplementary Table 3). Interestingly, ME0 (i.e., unplaced genes) contains the third greatest number of 370 
Im-Down genes after ME1/ME2, perhaps indicating a role for some of these genes that is unclear from 371 
the current coexpression analysis. After ME0, ME4 and ME6 contain the most genes from the Im-Down 372 
category (ME4=157 and ME6=114), comprising 7.5% and 6.4% of the genes contained within each 373 
module, respectively. The eigengene for ME4 (Figure 5, Supplementary Figure 3) exhibits a transient-like 374 
pattern of expression, exhibiting a marked reduction between 13 and 18 DPA after which it sharply 375 
increases before tapering to 24 DPA. ME6, on the other hand, exhibits low expression until about 22 376 
DPA, where it displays a sharp peak between 22 and 24 DPA, potentially indicating genes important for 377 
SCW synthesis, although the standard error for these DPA is high. Nevertheless, 243 genes from ME6 378 
also exhibit significant DE between 22 and 23 DPA, most of which are classified as Tr-Up (226 genes). 379 
GO annotations for these genes are diverse, relating to metabolic processes (e.g., lipid, carbohydrate, and 380 
cellular), stimulus/stress response, etc. 381 
 382 
 383 
 384 
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Correlations between coexpression modules and measured phenotypes 385 
We correlated module eigengenes with phenotypic data gathered from the same accession (i.e., G. 386 
hirsutum cv TM-1) across the same developmental period (Figure 6; Supplementary Table 4; 387 
(Swaminathan et al., 2024); Howell et al, in prep). As expected from the large number of genes present in 388 
the first two modules (22,583 and 18,919 genes, respectively) and the highly canalized nature of fiber 389 
development, most traits were significantly correlated (or inversely correlated) with those modules. Those 390 
molecules that contribute to CW development (e.g., encode genes involved in pectin, hemicellulose, and 391 
cellulose biosynthesis; (Swaminathan et al., 2024)) were strongly positively correlated with ME1, which 392 
increases in expression over development and strongly negatively correlated with ME2, which decreases 393 
over time (Figure 6). Likewise, fiber length (Howell et al, in prep) was strongly positively correlated with 394 
ME1 and negatively with ME2; however, these two traits also exhibit relatively strong, significant 395 
correlation with ME8 as well. As expected by the enrichment of Im-Up genes in this module, ME8 396 
expression is impulse-like (Supplementary Figure 3), whereby expression starts low, peaks at around 15 397 
DPA, and then decreases again. GO analysis of the 776 genes in this module reveals glycosyl hydrolases, 398 
oxidoreductases, and peroxidases (Supplementary Figure 4), which are all important for elongation. 399 
 400 

 401 
Figure 6. Associations between coexpression modules and phenotypes. Modules are listed on the left, and 402 
phenotypes are listed at the bottom. Pectin, hemicellulose, and crystalline cellulose are measured as mg 403 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 22, 2024. ; https://doi.org/10.1101/2024.07.20.604417doi: bioRxiv preprint 

https://doi.org/10.1101/2024.07.20.604417
http://creativecommons.org/licenses/by-nd/4.0/


14 

per boll, as per Swaminathan et al (2024), and fiber length is measured as mm, as per Howell et al (in 404 
prep). Turgor is interpolated from Ruan et al. (2001), as described in the methods. Positive (red) and 405 
negative (blue) correlations are noted, and significant correlations are listed in each box.  406 
 407 
Interestingly, turgor pressure exhibited strong correlations with different modules than the rest of the 408 
traits. Ruan and coworkers (Ruan et al 2001) used experimental data to estimate turgor values in 5, 10, 16, 409 
20, and 30 DPA, which represented early, mid-, and late-elongation (5 – 16 DPA); transition or early 410 
SCW synthesis (20 DPA); and mid-SCW synthesis (30 DPA). For precise correlations with our daily 411 
transcriptome data, we interpolated the data to cover 6 – 24 DPA, which showed a gradual increase from 412 
6 – 16 DPA (Supplementary Table 4). Although the interpolated data may be overly smoothed, there was 413 
a gradual increase to the peak at 16 DPA (0.67 MPa), followed by a decline through 20 DPA (0.28 mPa) 414 
and sustaining of similar values thereafter. Although turgor pressure is somewhat positively correlated 415 
with ME1 (r2=0.4) and negatively correlated with ME2 (r2=-0.48), stronger correlations were seen for 416 
ME8 (r2=0.9), followed by ME9 (r2=0.62) and ME13 (r2=0.54). Like ME8, ME9 and (to a lesser degree) 417 
ME13 exhibits impulse-like behavior, peaking between 13-16 DPA for ME9 and at 17 DPA for ME13.  418 
 419 
Construction of a crowd network 420 
Because gene network inference algorithms are known to exhibit biases (Marbach et al., 2012), we used 421 
Seidr (Schiffthaler et al., 2023) to generate a crowd network employing 13 algorithms (see methods), 422 
including the high performing GEne Network Inference with Ensemble of trees (GENIE3; (Huynh-Thu et 423 
al., 2010; Greenfield et al., 2010)) and Weighted Gene Coexpression Network Analysis (WGCNA). This 424 
network was aggregated using the inverse rank product (Zhong et al., 2014; Schiffthaler et al., 2023), 425 
resulting in 2.8 billion (B) edges (30%, or 0.85 B, “directed”edges) between all 74,446 nodes (genes) that 426 
exhibit variation among timepoints. Among these, 21,227 undirected and 15,996 directed edges connect 427 
nodes representing homoeologs. Since this dense network is composed of both “noisy” edges and those 428 
that represent core interactions, we calculated the network backbone to retain only those edges that 429 
represent the strongest connections for each node (Coscia and Neffke, 2017; Schiffthaler et al., 2023). 430 
Employing a 90% confidence interval reduced the number of edges over 500-fold to 5.1 million (M), 431 
which was further reduced to 2.2 M under a 95% confidence interval (see methods). Among these 2.2 M 432 
edges, the edge direction (i.e., which member of each pair of adjacent genes operates upstream of the 433 
other) is known for 721,101 edges (versus 1.5 M undirected edges). Despite the massively duplicated 434 
nature of this polyploid network, <1% of surviving edges (10,761) connect homoeologs; however, just 435 
over half of those (5,422) of those are considered directed. 436 
 437 
We compared these 2.2M backbone edges to the WGCNA-generated coexpression modules by first 438 
clustering the edges of the overall graph using two different algorithms, i.e., Louvain and InfoMap, which 439 
produced 188 and 1971 clusters, respectively. By overlapping these clusters with the WGCNA modules, 440 
we were able to place genes into 6,519 high confidence groups representing genes which are both placed 441 
within the same module and cluster using both algorithms. From these 6,519 groups, slightly less than 442 
half (3,094; or 47%) contain at least 1 edge (max: 118,932 edges and 2540 nodes), and possibly represent 443 
groups of genes that comprise small subdivisions of the broader gene network (Supplementary Table 5). 444 
As expected, the three largest clusters are derived from ME1 (1,500-2,540 genes each out of 22,583 genes 445 
total); however, the next largest clusters are not derived from ME1 or ME2 (module membership:~20k 446 
genes each) but are rather formed from genes placed in ME4 (1,438 out of 2,100 genes) and ME5 (1,298 447 
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out of 1,833 genes), the latter module which is notably not significant with respect to development. ME4, 448 
however, exhibits an eigengene profile consistent with Im-Down between 13 to 18 DPA, a pattern also 449 
consistent with the relative abundance of genes exhibiting transient down-regulation expression profiles. 450 
While the average and median number of genes per group is relatively low (16 and 3, respectively), 73 451 
groups contain more than 100 genes (average = 424 genes; median = 214) connected by at least 113 edges 452 
(average = 11,408; median = 1,620). 453 
 454 
Because gene regulatory networks provide insight into the regulatory hierarchies among genes, we 455 
isolated those 850 M edges representing the directed gene expression network from the broader crowd 456 
network for further analysis. From the top 10% of these edges (i.e., 8.5 M edges), few edges (7,330 or 457 
0.09%) link homoeologs, most of which (5,422 or 74%) are retained in the network backbone described 458 
above. Louvain and Infomap clustering of these 8.5 M is similar to the above in that Infomap produces far 459 
more clusters (626) than Louvain (5); however, this clustering is notable in the small number of Louvain 460 
clusters (5), two of which together contain nearly 92% of genes (Louvain cluster 1 = 35,619 genes, or 461 
48%; Louvain cluster 3 = 32,735 genes, or 44%). When the composition of these clusters is merged with 462 
each other and the module designations by WGCNA, it results in 2,206 cluster-groups (Louvain-Infomap-463 
WGCNA), approximately one-third the number of cluster-groups in the backbone that includes both 464 
directed and undirected edges. These clusters (Supplementary Table 1; Supplementary Table 5) represent 465 
the most confident directed associations among genes in this dataset. 466 
 467 
Phenotypic association between cellulose content and gene regulatory networks 468 
Cellulose deposition in plant cells, including cotton fibers, is a tightly coordinated process driven by 469 
cellulose synthase complexes (CSC; (Delmer et al., 2024)). Because mature cotton fibers are 470 
predominantly composed of cellulose, the orientation of cellulose microfibrils and the amount of cellulose 471 
deposited in the SCW are major determinants of key fiber properties (e.g., length and strength). As 472 
expected from the integral role of cellulose, crystalline cellulose accumulation (as measured in 473 
(Swaminathan et al., 2024)) is significantly associated with nearly half (8) of the 17 coexpression 474 
modules (Figure 6). Also as expected, cellulose accumulation is most strongly positively correlated with 475 
ME1 and most strongly negatively correlated with ME2, the two most gene-rich modules in the 476 
coexpression network; however, a strong positive correlation (0.65) was found with the 1,784 genes 477 
comprising ME6 and a strong negative correlation (-0.74) was found with the 283 genes comprising 478 
ME14. ME6 exhibits generally low expression until around 22 DPA, where it increases rapidly. This 479 
module (ME6) notably contains two CesA interacting genes (i.e., a KORRIGAN1-like, KOR1, and a 480 
COMPANION OF CELLULOSE SYNTHASE3-like, CC, gene; Gorai.003G089600.A and 481 
Gorai.005G256100.D, respectively), which are involved in cellulose synthesis (Pedersen et al., 2023). 482 
 483 
Phylogenetic analysis of the annotated cotton homoeologs with existing cellulose synthase A (CesA) 484 
homologs from Populus trichocarpa (Kim et al., 2019; Paterson et al., 2012) and other species revealed 485 
24 G. hirsutum CesA genes related to PCW and 12 related to SCW (Supplementary Figure 5; 486 
Supplementary Table 6). Due to strong conservation of CesA families in vascular plants, expression of 487 
CesA genes can be broadly partitioned into three major isoform classes each that are expressed during 488 
PCW (CesA1, 3, 6 or 6-like) or SCW synthesis (CesA4, 7, 8), assuming the 10-member CesA family of 489 
Arabidopsis as the canonical reference point (Richmond and Somerville, 2000). Genome duplication in G. 490 
hirsutum has fostered expansion of the expression set for most of the major CesA classes, while also 491 
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resulting in a non-canonical expression pattern during PCW synthesis for CesA8-A homologs. We 492 
observed that the three canonical PCW CesA classes typically maintain relatively even expression 493 
throughout, which may correlate with sampling ending early in SCW synthesis. In contrast, 494 
representatives of the three major SCW CesA gene classes, which co-function during SCW cellulose 495 
synthesis, are all expressed at a low-level beginning at 13 DPA followed by increasing expression during 496 
the transition stage and the onset of SCW synthesis. In an exception, there is a decrease in expression for 497 
both homoeologs of CesA8-A, as noted previously (Tuttle et al., 2015; MacMillan et al., 2017), which 498 
may indicate that only the CesA8-B paralog fulfills the canonical role in SCW synthesis at DPA. In most 499 
cases (i.e., CesA7-B, CesA8-A, CesA8-B), the maternal and paternal homoeolog expression profiles were 500 
similar within gene; the sole outlier (Figure 7), paralog CesA7-A (Gorai.001G04470), exhibited both 501 
comparatively reduced expression in the A homoeolog, as well as a delayed increase in expression (+5 502 
DPA) that peaked at the same time as the rest of the SCW paralogs (~20 DPA). 503 
 504 
We explored the gene-to-protein expression connection for these genes by comparing the abundance of 505 
CesA proteins in the membrane-associated (P200) fraction to the transcriptional data for the same DPA 506 
profiled here, which detected several secondary wall CESAs from fiber cell extracts (Figure 7). Of the 36 507 
CesA homoeologs, all but two (i.e., putative paralogs CesA6-E-At and Dt; see Supplementary Table 1) 508 
exhibited measurable gene expression (Figure 7) and in all cases both homoeologs were distinguishable in 509 
the gene expression data. Due to the challenges of protein identification, however, only a subset of those 510 
genes were quantifiable via mass spectrometry (16, typically SCW-related; Figure 7; Supplementary 511 
Figure 6), most of which were ambiguous with respect to homoeolog of origin (all but CesA-8A and 512 
CesA-8B). All of the quantifiable proteins were derived from the membrane-associated (P200) fraction, 513 
which is expected due to the multiple transmembrane domains present in CesAs (Li et al., 2014). 514 
Notably, the demonstrated presence of CesA8 proteins during PCW synthesis points to the need for future 515 
research to understand their specific function at this time (see (Haigler and Roberts, 2019) for a review of 516 
less common potential roles for CesA8 orthologs in other species and tissues).  517 
 518 
Overall, protein expression profiles for SCW cellulose synthase subunits were generally consistent with 519 
their corresponding gene expression profiles, albeit with approximately a 2-3 day difference in expression 520 
peaks (Figure 7; Supplementary Figure 6). Abundance profiles for GhCESA4-B, GhCESA7-A/B, and 521 
GhCESA8-B proteins were similar to their respective transcripts (Figure 7), being first detected at ~16 522 
DPA and exhibiting a 2-3 day lag relative to their transcripts. These preliminary results provide a 523 
foundation for further exploration of CesA transcript-protein associations during fiber development. 524 
 525 
 526 
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 527 
Figure 7. Gene and protein expression for 36 CESA genes across cotton fiber development. CESA 528 
homologs that function in primary and secondary wall synthesis (PCW and SCW) are shown. DPA are 529 
given across the top and bottom, and key timepoints are noted in vertical black lines. 1. Gene expression 530 
trends for CESA homoeologs for the A and D genomes. 2. Abundances of CESA proteins isolated from 531 
the membrane-associated fraction (P200). Expression for genes and proteins not detected here were 532 
rendered with gray background color. The proposed G. hirsutum CESA nomenclature and clades are 533 
summarized in Supplementary Figure 5 and Supplementary Table 6. 534 
 535 
We further compared the expression among CesA isoforms by considering putative regulatory elements 536 
involved in CesA gene expression. Using only the directed edges from the Seidr crowd network, we 537 
found putative known transcription factors (Jin et al., 2014) for 7 genes (10 homoeologs), representing 538 
~41% of expressed CesA genes (~30% of CesA homoeologs; Supplementary Table 7). For 6 of the 10 539 
homoeologs, only one transcription factor was directly connected to that gene (3 each for PCW and SCW 540 
synthesis); however, for the remaining 4 homoeologs (3 SCW, 1 PCW), between 2-9 putative 541 
transcription factors of varying scores and ranks were directly connected to those genes. For the PCW 542 
CesA, putative transcription factors were found for the homoeologs GhCESA3-C-At and GhCESA3-C-543 
Dt, although interestingly by transcription factors from different classes (Myb and ARF, respectively; 544 
Supplementary Table 7), both of which function in fiber development (Sun et al., 2015; X., Zhang et al., 545 
2021). The other two PCW genes (GhCESA3-B-Dt and GhCESA6-B-At) are putatively regulated by 546 
DOF (DNA-Binding with One Finger) transcription factors, the latter of which has multiple candidate 547 
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transcription factors from diverse families (Supplementary Table 7). Slightly more putative regulators 548 
were found for the SCW genes, likely because the onset of PCW was not sampled here. A single putative 549 
TF regulator was associated with GhCESA4-A-At, GhCESA4-A-Dt, and GhCESA4-B-Dt, i.e., a TALE 550 
TF (Gorai.003G156000.D; Supplementary Table 7 (Kay et al., 2007; Bürglin, 1997)), that rapidly 551 
increases in expression beginning around 10 DPA (Tr-Up). Putative regulators for the other subunits were 552 
found only for GhCESA7-B-Dt and GhCESA8-B (both homoeologs), each of which had more than one 553 
potential TF, sometimes from diverse families. GhCESA7-B-Dt, for example, was associated with 7 554 
possible regulators, including one GATA, two Myb, three NAC, and one TALE TF, with the strongest 555 
association (highest ranked edge) connecting GhCESA7-B-Dt to the Myb Gorai.004G138300.D 556 
(Supplementary Table 7). Likewise, GhCesA8-B-Dt was associated with 5 possible regulators, including 557 
one Dof, two Myb, and two TALE TF, with the strongest association with the TALE 558 
Gorai.004G206600.A (Supplementary Table 7). For GhCesA8-B-At, however, there were only two 559 
candidate TF, both of which were from the C2H2 family and one of which (Gorai.008G178000.D) 560 
exhibited a stronger association. 561 
 562 
To understand the position of the SCW cellulose synthase homologs in the context of the broader gene 563 
regulatory network (GRN), we explored a subset of the crowd network enriched for the strongest 564 
associations between those cellulose synthases and neighboring genes. This strict filtering criteria (see 565 
methods) resulted in three subnetworks, a main subnetwork containing representative homologs for each 566 
SCW cellulose synthase isoform (i.e., CesA4, CesA7, CesA8; Figure 7, hereafter SCW subnetwork) and 567 
two smaller subnetworks that contained only the GhCesA4-A homoeologs or only GhCesA8-B-Dt, both 568 
of which were less strongly connected to the larger subnetwork, given our filtering criteria (Figure 8). The 569 
large subnetwork contained 3 CESA7s, 2 CESA4s, and 1 CESA8, consistent with the cofunction of the 570 
encoded proteins in SCW cellulose synthesis. Both homoeologs of GhCESA4-B are adjacent and linked 571 
in the network, occupying a somewhat central location. Notably, some of the putative cellulose synthase 572 
transcription factors mentioned above were not present in this subnetwork, likely due to the limited 573 
strength of their connections. As expected, several genes that are closely linked to the SCW CesA genes 574 
have been previously noted for their importance to fiber development. For example, a FASCICLIN-like 575 
arabinogalactan (FLA) precursor is adjacent to GhCESA8-2-At, as is a KOR1-like protein, both of which 576 
have been associated with SCW synthesis, but with unproven specific roles so far (Pedersen et al., 2023). 577 
Another FLA-like protein is proximal to GhCESA7-B-Dt, as are a pectin-lyase and a O-glycosyl 578 
hydrolase (GH17) gene, which likely encode enzymes participating in cleavage of CW polymers. 579 
Different genes appear adjacent to the A-genome homoeolog for GhCESA7-B, including a gene for xylan 580 
side-chain synthesis (GhXAT-2) and a microtubule-associated protein (MAP65-like), the latter of which 581 
also appears to be influenced by GhCESA7-A-Dt and both homoeologs of GhCESA4-B. In addition, both 582 
GhCESA4-B homoeologs are also linked to previously noted CW genes such as another FLA, a beta-6-583 
tubulin (TUB6), and a reduced wall acetylation gene (GhRWA1-4). Each of these observations has 584 
relevance to CW thickening and other transition stage events, as discussed below.  585 
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 586 

 587 
 588 
 589 
Figure 8. SCW-related CesA subnetwork with neighboring genes. Red circles indicate A homoeologs and 590 
green indicate D homoeologs. Further information regarding nodes can be found in Supplementary Table 591 
8 and edge information can be found in Supplementary Table 9. Abbreviations beginning with “Gh” are 592 
predicted homologs to the given gene (e.g., “GhCESA4” is homologous to CESA4 from other plants); 593 
abbreviations not beginning with “Gh” represent the closest gene annotation, as per (Paterson et al., 594 
2012). 595 
 596 
 597 
Phenotypic association between turgor pressure and gene interactions 598 
Although high turgor pressure is implicated in rapid elongation of cotton fibers (Dhindsa et al., 1975; 599 
Ruan et al., 2001; Smart et al., 1998), few genes have been identified that may contribute to changes in 600 
turgor during fiber development (Sun et al., 2019; Ruan et al., 2001). Here, we find that turgor is strongly 601 
associated with modules that exhibit transient expression patterns, which is perhaps unsurprising given 602 
the transient nature of high turgor pressure in driving fiber elongation. Estimated values for turgor 603 
pressure were most significantly associated with ME8 (Figure 5) in which gene expression was highest at 604 
15 DPA followed by a gradual decline through 24 DPA. A total of 776 genes are in ME8, including two 605 
with functional annotations related to turgor (i.e., a SWEET-like gene (Gorai.003G074400.D) and a PIP-606 
like gene (Gorai.002G198900.D)), both with Im-Up expression patterns similar to the module. There 607 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 22, 2024. ; https://doi.org/10.1101/2024.07.20.604417doi: bioRxiv preprint 

https://doi.org/10.1101/2024.07.20.604417
http://creativecommons.org/licenses/by-nd/4.0/


20 

were four genes with functional annotations related to turgor in ME9, which contained 531 genes. ME9 608 
generally contains genes with high expression at 13 - 16 DPA followed by a sharp decline. These ME9 609 
turgor-related genes are: a PIP-like gene (Gorai.006G181300.A), a SWEET-like gene 610 
(Gorai.003G074400.A), a SUT/SUC-like gene (Gorai.010G030700.A), and a bHLH transcription factor 611 
(Gorai.010G147100.A). As with the two ME8 genes, these genes are considered ImUp, exhibiting 612 
increased expression during the intermediate stages and often showing peak expression before 15 DPA 613 
when elongation begins to slow down (Figure 9). Notably, the K+ transporter GhKT1 (here, 614 
Gorai.012G142000.A and Gorai.012G142000.D) originally noted by Ruan et al (2001) was not found 615 
within either of these modules, but rather in ME2 where it exhibits expression that transitions down 616 
(considered Tr-Down by ImpulseDE2), congruent with observations in Ruan et al (2001). A different K+ 617 
transporter was identified in ME8 (Gorai.009G292800) that was also classified as Tr-Down, and two 618 
additional K+ transporters (Gorai.012G082500.A and Gorai.012G082500.D) were identified in ME9, 619 
although their expression trend was not described by ImpulseDE2. See discussion for further 620 
interpretation of these and other genes relevant to turgor from this module. 621 
 622 
 623 

 624 
 625 
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Figure 9. Expression trends for notable genes in ME8 and ME9 with putative relevance to turgor pressure. 626 
Genes are partitioned by family, and all lines are labeled except for the potassium transporters (upper left 627 
graph), which are distinguished by color. Graphs begin from the initial time point (6 DPA) and continue 628 
through the last sampled time point (24 DPA). Intermediate DPA are noted at the bottom of the graphs. 629 
 630 

Discussion 631 

Cotton fiber development entails complex and intricate biological processes encompassing diverse 632 
biochemical pathways and transcriptional networks that collectively orchestrate the transformation of 633 
newly differentiated fiber initials into mature, elongated fiber cells composed primarily of cellulose. 634 
Because of its agronomic importance, understanding the processes that underlie fiber development and 635 
how they influence the mature fiber phenotype has been the subject of decades of research. Growth in our 636 
understanding of fiber developmental processes has emerged from a great diversity of molecular genetic 637 
and genomic studies, ranging from forward genetic analyses of individual genes to large population 638 
GWAS studies encompassing multiple accessions. This wealth of prior research has provided a 639 
foundation for and motivated the present study, in which carefully controlled conditions were used to 640 
constrain experimental and environmental variability. In addition, we used high-dimensionality 641 
coexpression and time-series analysis entailing daily sampling of the developing fiber transcriptome to 642 
further illuminate the fine-scale molecular basis of fiber development during key stages from early fiber 643 
elongation to early CW thickening and associated key fiber modules with important cotton fiber 644 
phenotypes.  645 
 646 
A striking demonstration of the complexity of cotton fiber development is encapsulated in our 647 
observation, initially hinted at over 15 years ago using the less refined technology of the day (Hovav, 648 
Udall, et al., 2008), that a majority of the ~70,000 genes (74%) in the cotton genome are expressed in at 649 
least one time point in the developing cotton fiber. In general, the transcriptome samples generated here 650 
are arrayed along PC1, which divides samples almost linearly according to DPA. Notably, our daily 651 
transcriptomic analysis between 6 – 24 DPA diagnosed major, known, aspects of cotton fiber 652 
morphogenesis that were hinted at previously but with less temporal resolution. Although prior studies of 653 
fiber development in growth chambers or greenhouses have varied in the accession(s) analyzed and the 654 
precise growing conditions, there is broad agreement that the transition stage begins at about 14-17 DPA 655 
(Avci et al., 2013; Tuttle et al., 2015; Applequist et al., 2001; Chen et al., 2012; MacMillan et al., 2017). 656 
Notably, these same days were among the most dynamic in our analyses (Figures 2 - 4), as indicated by 657 
numbers of differentially expressed genes. A genomically global demarcation in gene expression (11,417 658 
DE genes) occurs between 16 – 17 DPA (Figure 2), when the multi-dimensional cellular events 659 
characterizing the transition stage are beginning (Haigler et al., 2012). Both the number of upregulated 660 
and downregulated genes are approximately an order of magnitude greater between 16 and 17 DPA than 661 
between any other two adjacent DPA. This impressive and sharp transcriptional demarcation underscores 662 
the genome-wide complexity and coregulation of many thousands of genes and their distinctions before 663 
and after this transition. Collectively, these data point to this surprisingly brief developmental window as 664 
being promising for future insights into the gene regulatory networks and their molecular genetic and 665 
chromatin level controls that are key to establishing the SCW synthesis machinery responsible for the 666 
development of cotton fiber, and perhaps for its agronomic improvement. 667 
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More subtle cellular changes are also revealed by differences in gene expression on adjacent days, noted 668 
either by PCA or by adjacent DPA contrasts (Figures 2, 3). A demarcation in gene expression (105 DE 669 
genes) occurs between 9 and 10 DPA (see the gap in PC1, Figure 2), when the highest rate of fiber 670 
elongation occurs (although the majority of length increase occurs afterwards; (Benedict et al., 1999)). At 671 
this time, changes also occur in the plasmodesmata that symplastically connect the fiber to the seed. 672 
Specifically, at ~10 DPA the plasmodesmata become impermeable and structurally begins to switch to a 673 
branched form prior to reopening at ~16 DPA. This change was hypothesized to allow turgor to increase 674 
and drive the main phase of fiber elongation (Ruan et al., 2001). At the same time, analyzing gene 675 
expression changes in the context of a time series revealed expression differences too subtle to be 676 
statistically significant in adjacent DPA contrasts. This revealed an interesting difference: although 677 
adjacent DPA contrasts (as described above) suggest an overall excess of downregulated genes, the 678 
number of genes that increase expression (slowly or rapidly) during the time series is greater than the 679 
number of genes that decrease expression. This difference highlights complementary analyses afforded by 680 
daily sampling and suggests that expression may increase more slowly, but decline more rapidly, for 681 
many of the genes in this key developmental transition. Conceptually, this is consistent with the 682 
deposition of nearly pure cellulose into the SCW after the transition stage. 683 

Remarkably, our coexpression analysis partitions nearly 60% of genes into two primary modules 684 
reflecting a transcriptionally global synergistic coordination for the singular purpose of fiber CW 685 
biosynthesis. These two modules, ME2 and ME1, reflect the major processes of PCW synthesis (to 686 
facilitate fiber elongation) and SCW synthesis (to facilitate fiber thickening). Correspondingly, ME2 gene 687 
expression generally decreases over time, whereas ME1 gene expression generally increases. ME1 688 
contained the greatest number of genes (22,583) with high expression typically beginning at 17 DPA as 689 
CW thickening begins. Conversely, ME2 with the second greatest number of genes (18,919), showed 690 
decreasing expression through 17 DPA when elongation was ending. This genome-wide, massive 691 
transcriptomic rewiring has few if any precedents in plant biology and begs the question whether other 692 
terminally differentiated cell types experience comparable dynamism, or if this property of plant CW 693 
development will be discovered to be more common for other cell types.  694 

Although general expression and module association with phenotypes indicates that the fiber 695 
transcriptional network is committed to cellulose production during the surveyed timeframe, expression 696 
of secondary cell wall CESA genes peaked at around 20 DPA, diminishing shortly thereafter. This result 697 
mirrors those from the other cultivated allopolyploid cotton species, G. barbadense (Pima cotton), whose 698 
developmental timeline is similar albeit with a longer elongation phase (Chen et al., 2012; Tuttle et al., 699 
2015; Schubert et al., 1973). In previous research, gene expression of CW-related genes in G. barbadense 700 
peaked at 25 DPA (Liu et al., 2023), somewhat later than here, although the authors also note that other 701 
data demonstrated upregulation of CESA genes at 18 and 28 DPA (Tuttle et al., 2015). Given these 702 
differences in CESA transcription between species and between studies, it will be of interest to compare 703 
the transcriptional program utilized for fiber development in G. hirsutum to G. barbadense using a 704 
similarly controlled and temporally dense sampling of fibers in the latter species as implemented here for 705 
the former. This comparison is likely to reveal both commonalities and differences in transcriptional 706 
modular deployment, thereby offering possible insight into the important phenotypic traits that distinguish 707 
these two important crop species. Likewise, additional sampling is required to further refine the profile of 708 
SCW CESA transcription versus translation. At the protein level, SCW CESA subunit production peaks 709 
approximately 2 days later, suggesting that post-transcriptional and/or translational control may influence 710 
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the timing and accumulation of CESA subunits in developing cotton fibers. We note that the longevity of 711 
both the mRNA and protein for each SCW CESA isoform was not captured in the present timeline, 712 
requiring additional sampling during later timepoints to estimate persistence of each in the cell.  713 

The genes encapsulated by the sharp transcriptional change between the last sampled DPA (i.e., 23 and 24 714 
DPA) also hint at gene expression changes underlying the switch to massive cellulose production. These 715 
final sampled DPA correspond to: (a) the highest rate of dry matter accumulation beginning at 24-25 DPA 716 
in cotton fiber in this and other studies (Avci et al., 2013; Schubert et al., 1973); and (b) about 50% (w/w) 717 
crystalline cellulose in G. hirsutum var TM-1 fiber cell walls by this time, as observed in the current work 718 
and previously (Abidi et al., 2014). Consistently, spectroscopic analyses show that cotton fiber cellulose 719 
begins to exhibit greater self-aggregation around this time (Abidi et al., 2014; Lee et al., 2015), which is 720 
correlated with its progressively increasing proportion in the SCW (Meinert and Delmer, 1977). Genes 721 
encoding regulatory proteins that were upregulated in this last surveyed time period were predicted to be 722 
positive regulators of mainly cellulose synthesis, which characterizes the final stage of cotton fiber SCW 723 
deposition through about 45 DPA. 724 

These last two time points sampled (24-25 DPA) are followed developmentally by streamlined cellulose 725 
production in cotton fiber, in which cotton fiber diverges from other plant SCWs to achieve about 95% 726 
cellulose content at maturity. This developmental divergence among species is important from 727 
fundamental and applied viewpoints; therefore, we highlight genes upregulated at the end of the sampled 728 
time series (23 DPA versus 24 DPA) that could logically encode positive regulators of cellulose 729 
deposition and be candidates for future research. Two alleles of GhRAC13 (Gorai.011G031400.A and 730 
Gorai.010G242900.D; a small, signaling, GTPase protein; see (Didsbury et al., 1989) for the meaning of 731 
RAC) are upregulated between 23 and 24 DPA, which could result in activation of NADPH oxidase and, 732 
consequently, an increasing concentration of H2O2 that stimulates CW thickening (Potikha et al., 1999; 733 
Delmer et al., 1995). NAC transcription factors, all of which contain a conserved N-terminal NAC 734 
domain (Aida et al., 1997), are also likely to be important. Two NAC alleles (Gorai.006G205300.A and 735 
Gorai.003G077700.D) that resemble NST1/SND1 in other species are significantly upregulated at 24 736 
DPA and are able to activate SCW synthesis (Tuttle et al., 2015; MacMillan et al., 2017). An allele of 737 
another high-level SCW transcription factor (Gorai.001G138800.D, resembling MYB83/AT3G08500; see 738 
(Ambawat et al., 2013) for the meaning of MYB) is also significantly upregulated at this final timepoint. 739 
In primary xylem and wood, these transcription factors and others downstream regulate the synthesis of 740 
cellulose and other SCW components (Zhong et al., 2019; Zhang et al., 2018); however, MYB46, an 741 
ortholog of the MYB83-type transcription factor upregulated here, can directly bind to the promoters of 742 
SCW CESAs and upregulate crystalline cellulose content when over-expressed in Arabidopsis (Kim et al., 743 
2013). We suggest that the upregulation of apparent orthologs of NST1/SND1 and MYB83, along with 744 
other direct regulators such as RAC13, may underlie the dominance of cellulose synthesis in cotton fiber 745 
after 24 DPA. Notably, putative orthologs of other SCW transcription factors, as inferred from studies of 746 
primary and secondary xylem in various species, are expressed in cotton fiber later in developmental time 747 
(Tuttle et al., 2015; MacMillan et al., 2017), which highlights the value of the day-by-day sampling 748 
leveraged in this study that captured the first apparent day of transcriptional change to support mainly 749 
cellulose synthesis. Further exploration of gene expression changes demarcating these latter DPA, 750 
including transcription factors and regulatory genes, and their associations within the GRN underscores 751 
the usefulness of this dataset in further exploration of how the synthesis of other typical SCW polymers is 752 
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downregulated, enhancing our prior insights into how cotton fiber has no or very low lignin (Tuttle et al., 753 
2015; MacMillan et al., 2017). 754 

Insights into phenotype via network analysis 755 
Network analysis provides the opportunity to gain insight into the gene relationships that underlie 756 
phenotypes. While the spatiotemporal dynamics of several polysaccharides are important for conferring 757 
properties relating to fiber quality, we focus here on cellulose accumulation during SCW. The primary 758 
GRN that contains representatives of all three main classes of SCW cellulose synthases (CESA4, CESA7, 759 
and CESA8; Figure 8) is broadly relevant to events occurring during the transition stage between PCW 760 
and SCW synthesis in cotton fiber. Most of the genes in the GRN have increased or sustained expression 761 
during the transition stage. Predictions from the function of Arabidopsis homologs support the association 762 
of known processes with the SCW CESA GRN. Beyond the increased expression of SCW CESAs, an 763 
essential gene for cellulose synthesis, KOR1 (Gorai.010G143300.D, AT5G49720.1) is network-adjacent 764 
to GhCESA8-2-At. The glucanase-like KOR1 protein interacts with the active cellulose synthase complex 765 
(CSC) during cellulose microfibril formation, although its function in vivo is unknown (Delmer et al., 766 
2024). Increased cellulose synthesis requires more CSCs to be exported to the plasma membrane, and a 767 
phosphoserine protein phosphatases superfamily protein (PAT; Gorai.011G011300.D, AT1G05000.1) can 768 
function in this intracellular trafficking (McFarlane et al., 2021), as can SYNTAXIN OF PLANTS61 769 
(SYP61; Gorai.009G166000.D, AT1G28490.2) that is able to transport CESAs and KOR1 ((Worden et 770 
al., 2015) and references therein). Abundant, highly-organized microtubules help to regulate the delivery 771 
and function of CSCs in the plasma membrane during SCW formation (Seagull, 1993; Schneider et al., 772 
2021). Members of the GRN related to microtubule function include: WAVE-DAMPENED 2-LIKE3 773 
(WDL3 aka WVD/WDL; Gorai.011G171200, At5G61340) (Liu et al., 2013), which is involved in the 774 
stabilization of cortical microtubules; and MICROTUBULE-ASSOCIATED PROTEIN65-8, which is 775 
involved in microtubule bundling during SCW synthesis in tracheary elements (MAP65; 776 
Gorai.005G168400.D, AT1G27920.1) (Mao et al., 2006). Changes in the microtubule array correlate with 777 
an increasingly steep orientation of microtubules and cellulose microfibrils relative to the fiber axis in the 778 
distinct ‘winding’ CW layer that is deposited during the transition stage (Meinert and Delmer, 1977; 779 
Seagull, 1993). Numerous proteins in the SCW CESA GRN that relate to CW polymer degradation or 780 
modification and xylan synthesis are discussed further based on daily characterization of the cotton fiber 781 
glycome conducted in parallel to this transcriptomic study (Swaminathan et al., 2024). Consistent with 782 
the major transcriptional change that occurs at 16 DPA between PCW synthesis (ME2) and SCW 783 
synthesis (ME1), the GRN defined by SCW CESAs reflects regulatory processes at several levels 784 
including hormones, calcium, management of hydrogen peroxide [a stimulus for the transition to SCW 785 
synthesis in cotton fiber (Potikha et al., 1999)], protein phosphorylation, transcription factors, sugar and 786 
ion transporters, and proposed cell surface glycoprotein sensors (the FLA proteins; see (Pedersen et al., 787 
2023)). While it is beyond the scope of this article to discuss all the available functional studies of the 788 
genes represented in this GRN, this overview establishes the relevance of the SCW CESA GRN for future 789 
research on the control of cotton fiber development and quality. 790 
 791 
Turgor pressure, which is regulated through osmotic pressures, is an essential force for plant cell 792 
expansion (Zimmermann, 1978; MacRobbie, 2006; Steudle and Zimmermann, 1977). In cotton fibers, 793 
high turgor pressure is implicated in rapid elongation (Dhindsa et al., 1975; Ruan et al., 2001; Smart et 794 
al., 1998). Turgor pressure is generated by the accumulation of osmotically active solutes like malate 795 
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(Thaker et al., 1999), potassium (Dhindsa et al., 1975), and soluble sugars including sucrose (Ruan, 2005) 796 
in the central vacuole, followed by the influx of water. During several days within the rapid elongation 797 
period, the pressure within the fiber cells increases in association with symplastic isolation as the 798 
plasmodesmatal connections to other seed epidermal cells transiently close by the synthesis of callose 799 
plugs (Ruan et al., 2001). While candidate genes for regulating synthesis and importation of water and 800 
solutes have been suggested (Sun et al., 2019; Ruan et al., 2001), key proteins involved in turgor pressure 801 
regulation in cotton fiber remain enigmatic. 802 
 803 
In contrast to other fiber phenotypes discussed here that were strongly associated with either ME1 or 804 
ME2, the changing turgor pressure estimates derived from prior data (Ruan et al., 2001) (Supplementary 805 
Table 4) were strongly associated with ME8, which exhibits an impulse-like expression profile for the 806 
module eigengene, or with ME9. Both ME8 and ME9 reflect transient gene up-regulation during the latter 807 
part of elongation when the plasmodesmata are closed and turgor pressure is increasing. Afterwards, these 808 
modules reflect a sharp (ME9) or gradual (ME8) decline in gene expression in the transition stage when 809 
fiber elongation is slowing. 810 
 811 
Within ME8 or ME9, results implicated genes of four major types as potentially underpinning high turgor 812 
in cotton fiber, with cotton and Arabidopsis homolog names as follows: a SWEET-like gene 813 
(Gorai.003G074400.A and D; At4g10850, AtSWEET7; SUGAR WILL EVENTUALLY BE 814 
EXPORTED TRANSPORTER); a SUT/SUC-like gene (Gorai.010G030700.A, At1g09960, SUCROSE 815 
TRANSPORTER); two PIP-like genes (Gorai.002G198900.D; Gorai.006G181300.A; At4g35100 PIP2;7; 816 
AT4G00430.1, PIP1;4; PLASMA MEMBRANE INTRINSIC PROTEIN); and a bHLH transcription 817 
factor (Gorai.010G147100.A; At1g61660, AtBLH112; BASIC-HELIX-LOOP-HELIX). Some members 818 
of the sugar transporter families have been characterized in the context of loading photosynthetic sugar 819 
into the phloem of Arabidopsis leaves, as recently reviewed (Xu and Liesche, 2021). This analogy 820 
supports the putative role of the cotton fiber homologs in turgor pressure generation; however, only 821 
tentative inferences are appropriate, given evidence that AtSWEET7 functions as a glucose and xylose 822 
transporter in engineered yeast (Kuanyshev et al., 2021). Characterized sugar transport mechanisms 823 
including these protein families often include an apoplastic component (Xu and Liesche, 2021), which 824 
would be necessary when cotton fiber plasmodesmata are closed. PIP proteins (like the two detected 825 
here), or aquaporins, are well known to transport water across membranes (Jensen et al., 2016), and the 826 
water will follow an increasing concentration of solutes into the central vacuole to increase turgor 827 
pressure. Reduced expression of PIP genes was correlated with shorter mature fibers in transgenic cotton 828 
(Li et al., 2013) and natural mutants (Naoumkina et al., 2015). The AtBLH112 transcription factor acts to 829 
increase the synthesis of proline, which is an osmoticum and a free radical scavenger, and to increase the 830 
synthesis of enzymes that help to mitigate reactive oxygen stress (Liu et al., 2015). Given the role of 831 
hydrogen peroxide in triggering the transition stage in cotton fiber (Potikha et al., 1999), further research 832 
will be needed to determine the role(s) of the cotton homolog of AtBLH112 found in the turgor-833 
associated ME9. In general, the potential role and relevance of these specific genes/proteins to turgor 834 
pressure must be functionally tested in cotton itself. 835 
 836 
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Conclusions 837 

Here we have characterized the G. hirsutum cotton fiber transcriptome with unprecedented daily 838 
resolution in plants grown in a growth chamber with uniform light and temperature cycling. The data 839 
encompass the 6 – 24 DPA period of fiber development, inclusive of high-rate primary cell elongation, 840 
the transition stage to secondary wall synthesis, and thickening of the secondary wall by mainly cellulose 841 
deposition. Overall, we report that fiber development involves a dramatically dynamic, genome-wide 842 
coordination during which approximately half of the transcriptome increases or decreases expression as 843 
development progresses. Our results revealed major gene expression modules associated with known 844 
aspects of fiber development, such as the switch from PCW to SCW synthesis. These co-expression 845 
modules contain genes, many of which we highlight here, that can be functionally characterized in future 846 
research. Sampling at daily intervals also revealed other, more transient gene expression profiles. Some of 847 
the transiently expressed genes may prove to be key regulators of important processes, such as turgor 848 
pressure, warranting further functional testing. Others may implicate as yet undescribed cellular changes 849 
in cotton fiber, stimulating further research. For major discontinuities in gene expression on adjacent 850 
days, e.g. 16-17 DPA, even more fine scale temporal sampling will be worthwhile in the future. Applying 851 
this approach to other species, e.g. Gossypium barbadense with higher fiber quality, or cultivars with 852 
different fiber properties, may also be promising directions for studies aimed at understanding 853 
evolutionary divergence and crop improvement, respectively. The concurrent proteomic, metabolomic, 854 
and phenotypic surveys cited here will provide additional insight into the molecular underpinnings of 855 
cotton fiber development and should be generally applicable to the fiber of other modern G. hirsutum 856 
accessions grown under non-stressful conditions.  857 

Methods 858 

Plant growth and sampling 859 
Multiple plants for Gossypium hirsutum cultivar TM1 were grown from seed in two gallon pots in growth 860 
chambers at Iowa State University (ISU). Growing conditions were standardized on Conviron E15 growth 861 
chambers with a relative humidity of 50-70% and a photosynthetic photon flux density (PPFD) of 500 862 
μmol m−2 s−1. Seeds were sown directly in a soil mixture prepared as 4:2:2:1 soil:perlite:bark:chicken grit. 863 
Seeds were germinated and subsequently grown under the same growth chamber conditions, i.e., 16 hour 864 
days with 500 umol of light and a temperature of 28oC. A gradual increase in photon intensity was set for 865 
the first and last 30 minutes of each day (15 minutes at 166 umol photons + 15 minutes at 336 umol 866 
photons). Plants were permitted full dark overnight (8 hours) and growth chambers were cooled to 23oC.  867 
 868 
Flowers were hand (self)pollinated using a cotton swab and tagged on the day of anthesis (flowering; 0 869 
DPA). Three samples (replicates) were collected daily during fiber development from 6 DPA (elongation) 870 
to 25 DPA (SCW synthesis) for a total of 60 samples (3 replicates x 20 days). Replicates were typically 871 
from different plants, aside from two 7 DPA replicates, which were derived from the same plant. Fiber 872 
was harvested by extracting whole locules from the bolls prior to flash freezing in liquid nitrogen. 873 
Harvested fiber (in locules) was stored at -80oC until RNA extraction. 874 
 875 
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RNA-extraction and RNA-seq 876 
Total RNA was extracted from each sample using a modification of the Sigma Plant Spectrum Total RNA 877 
kit (Sigma-Aldrich). First, frozen fibers were ruptured by vortexing locules with ≤106 μm acid-washed 878 
glass beads (Sigma-Aldrich) in liquid nitrogen for all DPA, and RNA was extracted using the Spectrum 879 
kit including optional washes. The extracted RNA was further purified using phenol-chloroform, as 880 
previously described (Hovav, Chaudhary, et al., 2008). RNA quality was assessed by the ISU DNA 881 
facility using the Agilent 2100 Bioanalyzer, and samples passing quality control (QC) were submitted for 882 
RNA-seq at the ISU DNA facility. All three replicates passed QC for each DPA, except for 20 DPA (2 883 
replicates), 24 DPA (2 replicates), and 25 DPA (1 sample only). Although multiple attempts were made to 884 
recover additional replicates for these later-stage DPA, these attempts were unsuccessful, due to 885 
challenges in extracting RNA from high-cellulose samples. These samples were subsequently omitted, 886 
along with a single 14 DPA sample, which exhibited low recovery of gene expression. 887 
 888 
Libraries were constructed at the ISU DNA facility using the NEBNext Ultra II RNA Library Prep Kit 889 
and sequenced on the Illumina NovaSeq 6000 as paired-end 150-nucleotide reads (PE150). Raw reads 890 
were quality and adapter trimmed using trimmomatic version 0.39 (Bolger et al., 2014) from Spack 891 
(Gamblin et al., 2015) as trimmomatic/0.39-da5npsr. Only surviving read-pairs (minimum length of 75nt 892 
per read) were retained for expression and network analyses. 893 
 894 
Reference transcriptome generation and mapping 895 
A species-specific, homoeolog-diagnostic reference transcriptome was generated using the G. raimondii 896 
genome annotation (Paterson et al., 2012) in conjunction with species/homoeolog-specific SNP 897 
information (Page et al., 2013) and a custom script available from 898 
https://github.com/Wendellab/TM1fiber. This reference has previously been validated as performing well 899 
in the polyploid G. hirsutum (Hu, Grover, Arick, et al., 2021) and allowing precise assignment of paired 900 
homoeologs. Kallisto v0.46.1 (Bray et al., 2016) was used to pseudoalign and quantify transcripts from 901 
each sample using `kallisto quant` and processed in parallel using GNU parallel v20220522 (Tange, 902 
2022). 903 
 904 
Raw read counts were imported into R/4.2.2 (R Core Team, 2022), and the data were normalized using 905 
the variance stabilizing transformation (vst) in DESeq2 v.1.36.0 (Love et al., 2014) and the design 906 
`~DPA`. Principal Component Analysis (PCA) was conducted in DESeq2 using `plotPCA`, and the first 907 
two axes were visualized using ggplot2 v3.4.0 (Wickham, 2016). Minimum volume enclosing ellipses 908 
were added in ggplot2 using the ggforce v0.4.1 (Pedersen, 2022) Khachiyan-based (Khachiyan, 1996) 909 
method `+ geom_mark_ellipse()`. Samples irregularly placed on the PCA were noted for follow-up, as 910 
they may represent pre-aborted bolls. Of these, only the removed 14 DPA sample exhibiting generally 911 
low expression was removed. 912 
 913 
RNA-seq quality was also assessed by evaluating generalized expression metrics. Specifically, the 914 
number of expressed genes per sample (TPM > 0) was evaluated for consistency among replicates, as 915 
were the mean, median, and quantiles (in 10% steps) of these metrics. These metrics were plotted across 916 
developmental time using ggplot2, and visual outliers were discarded. 917 
 918 
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Differential gene expression 919 
Differential gene expression (DGE) was analyzed in DESeq2 using the design `~DPA`. Contrasts were 920 
conducted between adjacent DPA, and p-values were adjusted (i.e., padj) using the Benjamini-Hochberg 921 
correction method (Benjamini and Hochberg, 1995). Differential expression was inferred for any contrast 922 
where padj < 0.05. Datatables were generated using tidyverse v1.3.2 (Wickham et al., 2019), magrittr 923 
v.2.0.3 (Bache and Wickham, n.d.), and data.table v1.14.6 (Dowle et al., n.d.). Relevant code is at 924 
https://github.com/Wendellab/TM1fiber. 925 
 926 
Expression trajectories for genes within the time series were estimated by ImpulseDE2 (Fischer et al., 927 
2018) in R/4.2.2. Trajectories were classified by ImpulseDE2 into four categories: consistently increasing 928 
(up), consistently decreasing (down), impulse up (up*), and impulse down (down*). For the latter two 929 
(impulse) categories, the expression trajectories follow a unimodal pattern where the genes in those 930 
categories exhibit transiently high (up*) or low (down*) expression during the time course but return their 931 
expression to a level similar to the beginning of the time series. 932 
 933 
Co-expression and GRN analysis 934 
Weighted gene coexpression networks were generated for the 18 remaining timepoints using WGCNA 935 
(Langfelder and Horvath, 2008). Raw gene expression values were log-transformed using the `rld` 936 
function in WGCNA, and 5327 genes with zero variance were removed, leaving 69,209 genes for 937 
coexpression network construction. Soft-thresholding powers were evaluated using the function 938 
pickSoftThreshold and evaluating powers 1 to 10 and even numbers from 12 to 40, resulting in the 939 
selection of power=10. The WGCNA function blockwiseModules was used for automatic network 940 
construction and module detection using a blocksize that would contain all genes (block=70,000). Module 941 
significance relative to the time course was assessed using an ANOVA and p < 0.05. Eigengene values 942 
across development were visualized in WGCNA, and modules were functionally assessed using topGO 943 
(Alexa and Rahnenfuhrer, 2016). Module-phenotype correlations were computed within WGCNA and 944 
visualized using ggplot2. Relevant code is at https://github.com/Wendellab/TM1fiber. 945 
 946 
Crowd networks were generated using Seidr v0.14.2 (Schiffthaler et al., 2023) and combining networks 947 
from 13 algorithms (Supplementary Table 10). All networks were generated within Seidr except 948 
WGCNA, which was imported from the above analyses. Networks were combined within Seidr using the 949 
inverse rank product (IRP) algorithm (Zhong et al., 2014; Schiffthaler et al., 2023). This aggregated 950 
network was pruned using the backbone function in Seidr, which uses a backboning algorithm (Coscia 951 
and Neffke, 2017) to remove edges based on standard deviations from the expected value for that edge. In 952 
the present, we used `seidr backbone -F 1.64`, which corresponds to retaining edges with p< 0.05. Both 953 
the initial aggregate network and the backbone network were clustered using the Louvain (Blondel et al., 954 
2008) and InfoMap (Rosvall and Bergstrom, 2008) algorithms from the igraph (v1.4.1) package (Csardi et 955 
al., 2006). Gene clusters from each algorithm were intersected between themselves and the WGCNA-956 
generated modules to form cluster-groups that are composed of those genes that belong to the same 957 
module, Louvain cluster, and InfoMap cluster. 958 
 959 
Gene regulatory networks were generated by restricting the output from Seidr to only “directed” edges. 960 
Again this was done for the aggregate network and the backbone network, albeit with a more relaxed 961 
backbone threshold (`seidr backbone -F 1.64`, or p < 0.05) to recover more edges from the naturally less 962 
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dense directed network. These networks were Louvain and InfoMap clustered (as above) and intersected 963 
with WGCNA modules to generate directed cluster-groups. 964 
 965 
Transcription factor analysis 966 
Transcription factors for the G. raimondii genome were downloaded from the PlantTFDB v 5.0 (Tian et 967 
al., 2020; Jin et al., 2017). Both transcription factor (TF) gene ID and family were retained. Expression 968 
profiles for transcription factors were extracted from the broader DESeq2 and ImpulseDE2 analyses 969 
(above). TF presence in modules and cluster-groups was derived from the above analyses and recovered 970 
using tidyverse v1.3.2 (Wickham et al., 2019) in R. With respect to the gene network analyses, two types 971 
of networks were considered: (1) TFe, or transcription factor extended, which retained edges when at 972 
least one of the two nodes was a transcription factor, and (2) TFr, or transcription factor restricted, which 973 
only retained edges when both nodes were transcription factors.  974 
 975 
Protein sequence alignments and phylogenetic analysis 976 
Cellulose synthase (CESA) protein sequences from Populus trichocarpa (Kim et al., 2019) and several 977 
landmark species (Lee and Szymanski, 2021) were downloaded from Phytozome V13 (Goodstein et al., 978 
2012). A multiple sequence alignment was generated using Clustal Omega at EMBL-EBI (Madeira et al., 979 
2022) with the number of combined iterations set to 5 and setting the distance matrix as output. This 980 
distance matrix was used for the correlation analysis between protein sequences and transcript 981 
abundances (see below). The phylogenetic tree was built from the alignment generated by Clustal Omega 982 
on EMBL-EBI (https://www.ebi.ac.uk/Tools/msa/clustalo/). 983 
 984 
CesA network filtering 985 
To evaluate the local neighborhood of the cellulose synthase (CesA) genes involved in SCW synthesis, 986 
we targeted genes that belong to the largest WGCNA coexpression module (ME1), Louvain cluster #6, 987 
InfoMap cluster #22 (henceforth 1-6-22), which contained 9 of the 12 SCW CesA genes. Using the top 988 
10% of edges in the crowd network (54,705 nodes and 222,490 edges), we extracted only directed edges 989 
that included one of the 947 genes (nodes) from the SCW cluster as either a source or target node, 990 
resulting in a network composed of 1279 nodes and 1448 edges. We further restricted our edges to those 991 
included in the top 10% of edges for this SCW cluster, resulting in 225 nodes and 145 edges. We 992 
imported those edges into Cytoscape v3.10.1 (Shannon et al., 2003), where we filtered nodes to retain 993 
only those with at least one outgoing edge and all CesA genes. We further reduced the network view to 994 
include only the nearest neighbors to the CesA genes by iteratively using “Select > First Neighbors of 995 
Selected Nodes” five times. 996 
  997 
Isolation of microsome (P200) fraction 998 
The microsome (P200) fraction was obtained from intact cotton fiber tissue from 6 to 24 DPA (McBride 999 
et al., 2017). Briefly, apoplastic proteins and extracellular vesicles were removed from the intact ovules 1000 
(~200 mg) in one locule by dipping each ovule into 5 mL of microsome isolation buffer (MIB) [50 mM 1001 
Hepes/KOH (pH 7.5), 250 mM sorbitol, 50 mM KOAc, 2 mM Mg(OAc)2, 1 mM EDTA, 1 mM EGTA, 1 1002 
mM dithiothreitol (DTT), 2 mM PMSF and 1% (v/v) protein inhibitor cocktail (160 mg/mL benzamidine-1003 
HCl, 100 mg/mL leupeptin, 12 mg/mL phenanthroline, 0.1 mg/mL aprotinin, and 0.1 mg/mL pepstatin 1004 
A)] with 10 minutes incubation under gentle shaking. The ovules were recovered from the MIB buffer 1005 
and fiber tissues were isolated from seeds as described previously (Lee and Szymanski, 2021). The fiber 1006 
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tissues were homogenized under cold MIB using a Polytron homogenizer (Brinkmann Instruments) and 1007 
filtered through 4 layers of cheesecloth pre-soaked in cold MIB. Debris in the filtered homogenate was 1008 
pelleted at 1,000 x g for 10 min using an Allegra X-30R centrifuge (Beckman Coulter Life Sciences). 1009 
Microsomes were enriched at 200 k x g for 20 minutes at 4°C using a Beckman Optima Ultracentrifuge 1010 
with TLA110 rotor (Beckman Coulter Life Sciences) and washed twice with MIB. The final pellet was 1011 
mixed with 200 μL of 8 Urea and incubated for 1 hour at room temperature to denature proteins from 1012 
membranes. Undissolved debris was removed by centrifugation at 12,000g for 15 minutes using an 1013 
Allegra X-30R centrifuge. Three biological replicates were prepared. 1014 
  1015 
Protein mass spectrometry analysis 1016 
LC-MS/MS run and peptide identification/quantification were performed as described previously (Lee 1017 
and Szymanski, 2021; McBride et al., 2017)). Briefly, 50 μg of proteins in the P200 fractions were 1018 
digested using trypsin and digested peptides were subsequently purified using C18 Micro Spin Columns 1019 
(74-4601, Harvard Apparatus). For each sample, 1 μg was analyzed by reverse-phase LC-ESI-MS/MS 1020 
using a Dionex UltiMate 3000 RSLCnano System coupled with the Orbitrap Fusion Lumos Tribrid Mass 1021 
Spectrometer (Thermo Fisher Scientific Inc.). The Andromeda search engine on MaxQuant (version 1022 
1.6.14.0) was used for relative protein abundance quantification and protein identification (Cox et al., 1023 
2014; Tyanova, Temu, & Cox, 2016). The search parameters were as follows: (1) the match between runs 1024 
function was set with a maximum matching time window of 0.7 min as default; (2) only proteins 1025 
identified by a single unique peptide were selected; (3) the same reference generated for RNAseq was 1026 
used; (4) label-free quantification was selected; and (5) all other parameters were set as default. 1027 
  1028 
Cell wall and polysaccharide extraction 1029 
Alcohol-insoluble CW and subsequently the pectin, hemicellulose and cellulose polysaccharides were 1030 
extracted from cotton fiber in triplicate using a modification of previous methods (Avci et al., 2013) using 1031 
the same time points sampled above (i.e., 6 to 24 DPA), as per Swaminathan et al (Swaminathan et al., 1032 
2024). Each cotton boll (stored at -80oC) was thawed until 28oC, at which point fibers were removed 1033 
using a scalpel and forceps and subsequently placed in a tube on ice. Harvested fibers were ground 1034 
thoroughly in liquid nitrogen, and the CW was extracted by using a series of organic solvents (Avci et al., 1035 
2013). From the CW, non-cellulosic polysaccharides, such as pectin and hemicellulose, were extracted, as 1036 
previously described (Zabotina et al., 2012), using 50 mM CDTA:50 mM ammonium oxalate (1:1) buffer 1037 
followed by 4M KOH, respectively. The final cellulose pellet (containing a mixture of both amorphous 1038 
and crystalline celluloses) that remained after the 50 mM CDTA:50 mM ammonium oxalate buffer and 1039 
the 4M KOH extractions was dried, weighed, and analyzed.  1040 
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Turgor gene identification  1041 
Turgor pressures over the developmental timeline were estimated by inferring intermediate values based 1042 
on existing measured values (Ruan et al., 2001). These data were originally measured by first determining 1043 
osmolalities (Ruan et al., 1995) and converting to MPa using 2.48 MPa per Osm kg-1, and then estimating 1044 
turgor from the difference in osmotic and water potential. Measured values (Ruan et al., 2001) include 1045 
0.075 MPa (5 DPA), 0.11 MPa (10 DPA), 0.68 MPa (16 DPA), 0.28 MPa (20 DPA), and 0.25 MPa (30 1046 
DPA). These points were used to generate a first order b-spline of 100 datapoints in the 5 to 30 DPA 1047 
interval. The values at 6 to 24 DPA were used as estimates for turgor pressure variability over the time 1048 
interval of this study. 1049 
 1050 
Osmolytes involved in increasing turgor were identified from the literature (Kopka et al., 1997; Dong et 1051 
al., 2018; Ruan et al., 2001; Rhodes and Samaras, 2020). Arabidopsis thaliana genes involved in 1052 
producing or transporting these osmolytes were identified in TAIR (Berardini et al., 2015; Cheng et al., 1053 
2017). Putative cotton homologs were identified using the orthologous groups available on Phytozome 1054 
v12.1 (Goodstein et al., 2012) and were assumed to have similar involvement as in A. thaliana.  1055 
Candidates from this list of turgor-involved genes that were also present in the turgor-associated modules 1056 
(ME8 and ME9) were identified. Expression trajectories for those 6 genes were extracted from the log-1057 
transformed, normalized dataset used in WGCNA, and then smoothed and plotted in ggplot2. T 1058 
 1059 
 1060 

Data and code availability 1061 

RNAseq reads are available from the Short Read Archive (SRA) under PRJNA1099209. Code used to 1062 
analyze the data is available at https://github.com/Wendellab/TM1fiber. The mass spectrometry 1063 
proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (Perez-Riverol 1064 
et al., 2022) partner repository with the dataset identifier PXD051704. 1065 
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 1086 

Supplementary Figure Legends 1087 

Supplementary Figure 1. Molecular function GO enrichment word maps for each category from 1088 
ImpulseDE2: (A) impulse up, 3402 genes; (B) impulse down, 1871 genes; (C) transition up,19706 genes; 1089 
and (D) transition down, 14491 genes. 1090 
 1091 
Supplementary Figure 2. Biological process word maps for GO enrichment for each category from 1092 
ImpulseDE2: (A) impulse up, 3402 genes; (B) impulse down, 1871 genes; (C) transition up,19706 genes; 1093 
and (D) transition down, 14491 genes. 1094 
 1095 
Supplementary Figure 3. Relative expression of module eigengenes over developmental time. Each 1096 
module is listed by number and color, as output by WGCNA. The number of genes in each module is 1097 
listed, and the significance of the module to the developmental timeline (as determined by ANOVA) is 1098 
listed. 1099 
 1100 
Supplementary Figure 4. Molecular function GO enrichment word map for ME8, 776 genes. 1101 

Supplementary Figure 5. Phylogenetic analysis of CESA orthologs. CESA protein sequences from 1102 
Populus trichocarpa (Kim et al, 2019) and landmark species (Lee and Szymanski, 2021) were 1103 
downloaded from Phytozome V13 (Goodstein et al, 2012) for the analysis. Phylogenetic analysis was 1104 
performed by Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/). 1105 

Supplementary Figure 6. Profiles of mRNA and protein abundances of selected CESAs that belong to 1106 
informative groups at protein level. AtDt suffixes reflect ambiguity with respect to homoeolog 1107 
identification and Dt indicates homoeolog-specific peptides were identified. PCC: Pearson Correlation 1108 
Coefficient. 1109 
 1110 
 1111 
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