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ABSTRACT 24 

Background and aims The formation of brown rings on leaf petioles is a typical symptom of 25 

early boron deficiency in cotton. The purpose of this study was to examine the developmental 26 

defects of cell walls and vessels at the ring sites of cotton petioles and thereby understand the 27 

effects of petiole rings on nutrient transport in cotton. 28 

Methods Boric acid (H3BO3, 13.5 kg B ha-1) was applied as basal fertilizer in boron-deficient 29 

cotton field to verify the relationship between boron concentration and ring formation on 30 

cotton petioles. Petiole samples were taken from boron-deficient cotton plants 60 days 31 

post-transplantation to analyze the differences in cell wall properties and anatomical structure 32 

between the ring and non-ring sites. The transport of mineral nutrients in the upper, middle, 33 

and lower parts of the petioles was analyzed. 34 

Results Under boron deficiency stress, chloroplasts were deformed and slightly disintegrated 35 

at the ring sites of the petioles. The cell walls within the rings were irregularly thickened by 36 

44.1%, while their mechanical strength was markedly reduced by 38.9% compared to those 37 

of the non-ring sites. There were also changes in the hydrogen bonding within carbohydrates 38 

and proteins and the structure of pectins along with cellulose accumulation in the cell walls at 39 

the ring sites. A large number of tiny vessels were formed in the petiole rings, resulting in the 40 

squeezing and rupture of vessels. Boron, magnesium, and manganese concentrations in 41 

various parts of the petioles varied substantially in the order of lower part > middle part > 42 

upper part.  43 

Conclusions Boron application reduces the probability of ring formation on the petioles of 44 

cotton. The cell walls and vessels are destructed at the ring sites of the petioles, which 45 

impairs their mechanical support and mineral nutrient transport functions in boron-deficient 46 

cotton. 47 

 48 

Keywords: boron deficiency; cell wall; transport; vessels; cotton; petiole ring； 49 

 50 

1 Introduction 51 

Boron is an essential micronutrient for vascular plants, and boron deficiency is a serious 52 
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agricultural problem worldwide (Matthes et al., 2020). In order to improve resistance to 53 

boron deficiency, the plants alter their morphology through modulation of physiological and 54 

developmental responses. Therefore, boron deficiency induces various physiological 55 

symptoms in the plants, including the inhibition of root elongation, young leaf expansion, 56 

stem cracking, flower formation, and seed germination (Uraguchi and Fujiwara., 2011; Hua 57 

et al., 2016; Wu et al., 2018; Milagres et al., 2019; Matthes et al., 2020). 58 

Cotton (Gossypium hirsutum) is a fibrous plant of the genus Gossypium in the family 59 

Malvaceae. Cotton fiber provides the raw materials for textile, while cotton seeds are rich in 60 

protein and fat, and thus can be used as an important oil and feed material (Bellaloui et al. 61 

2015). Boron is considered to be the most deficient micronutrient in cotton and it is also a 62 

major limiting factor for cotton yield improvement (Ahmad et al., 2009). In the Yangtze River 63 

Basin, one of the three major cotton-producing areas in China, the soil is severely deficient in 64 

boron with the available boron concentration of only 0.33 mg kg-1 (Wang et al., 1989). 65 

Generally, plant symptoms of boron deficiency depend on the deficiency level of this soil 66 

nutrient. Under mild stress of boron deficiency, brown rings separated from each other appear 67 

on cotton petioles. Under severe stress of boron deficiency, the rings protrude outwardly and 68 

crack on the exterior surface of the petioles; cotton plants form buds without flowering, and 69 

the plant type is compact and short, even leading to complete crop failure (Wang et al., 1989; 70 

Zhao and Oosterhuis., 2002; Abid et al., 2007; Li et al., 2017). Wang et al. (1985) have 71 

shown that the probability of ring formation on cotton petioles is negatively correlated with 72 

the available boron concentration in the soil. In the case of mild boron deficiency, brown 73 

rings appear on the exterior surface of cotton petioles. Because this symptom is clear and 74 

distinct, it can be used as the primary diagnostic marker of early boron deficiency in cotton. 75 

The petiole is a vital organ for mechanical support and nutrient transport in cotton. 76 

Especially due to the function of vascular bundles in transport of plant nutrients, water, 77 

organics, and hormones, petioles play an essential role in the physiological metabolism of 78 

cotton. Boron is crucial for the development of vascular tissues in many dicotyledonous plant 79 

taxa and boron deficiency particularly affects the integrity of phloem and xylem vessels, and, 80 

therefore, functionality of long-distance transport (Pommerrenig et al., 2019). However, the 81 
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research on petiole rings formed in boron-deficient cotton is currently in a stagnant state. The 82 

effects of petiole rings on cotton growth and development merit further exploration, and the 83 

differences between the ring and non-ring sites of cotton petioles needs to be thoroughly 84 

investigated. Microscopic observation of plant tissues following dissection provides an 85 

approach to directly examine the changes in plant morphology and structure. Previous studies 86 

have mainly observed boron deficiency-induced changes in the anatomical structure of plant 87 

leaves and roots (Li et al., 2016; Mesquita., 2016; Muhammad et al., 2018). However, there 88 

remains no detailed comparison of the anatomical structure of petioles between the ring and 89 

non-ring sites in cotton under boron deficiency stress. 90 

In this study, we directly observed the ring and non-ring sites of boron-deficient cotton 91 

petioles by sectioning of paraffin-embedder tissue, scanning electron microscopy (SEM), 92 

transmission electron microscopy (TEM), and Fourier-transform infrared spectroscopy (FTIR) 93 

based on field experiment. The objectives of the study were to clarify: (1) the structural 94 

changes in cell walls and vessels at the ring sites of cotton petioles, and (2) the effects of 95 

petiole rings on mineral nutrient transport in cotton under boron deficiency stress. 96 

2. Materials and methods 97 

2.1 Experimental site and materials 98 

The field experiment was conducted in Shaling Village, Tianmen City, Hubei Province, 99 

China. The soil type in the experimental site was calcareous alluvial soil with a pH of 7.53. 100 

The experimental soil contained: organic matter, 19.58 g kg-1; alkali-hydrolyzale nitrogen, 101 

66.38 mg kg-1; available phosphorus, 6.15 mg kg-1; available potassium, 68.14 mg kg-1; and 102 

available boron, 0.23 mg kg-1. 103 

Seeds of cotton were Gossypium hirsutum cv. ‘Jinxiu-88’. Fertilizers were applied at 104 

rates of 375 kg N ha-1 in the form of urea (46% N), 144 kg K2O ha-1 in the form of chloride 105 

potassium (60%, K2O), and 73.5 kg P2O5 ha-1 in the form of calcium superphosphate (14% 106 

P2O5). The planting density was 25,000 plants ha-1. 107 

2.2 Experimental treatment, sample preparation, and analysis methods 108 

Experimental treatment: Two different levels of boron (as H3BO3) were applied: 0 kg 109 

B ha-1 (boron deficiency, B0) and 13.5 kg B ha-1 (boron sufficiency, B13.5). The plot area was 110 
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72 m2, with four replications per treatment. Leaf and petiole samples were taken from the 111 

fourth expanded leaf from the apex of cotton plants 60 days post-transplantation. Specifically, 112 

we analyzed the petioles from boron deficiency treatment (B0): the ring sites versus the 113 

non-ring sites (Fig. 1). A portion of the petiole samples were divided into ring and non-ring 114 

sites for tissue section preparation and cell wall extraction. The other portion of the petiole 115 

samples was separated into upper, middle, and lower parts; each part was deactivated at 116 

105°C for 30 min and dried at 65°C to constant weight, then ground and sealed in plastic 117 

bags until mineral nutrient analysis. 118 

 119 

 120 

Fig. 1 The sampling sites of cotton petiole 121 

SEM observation: Petiole samples of the ring and non-ring sites were rinsed with 122 

deionized water and cut longitudinally. The samples were washed with 0.1 mol L-1 123 

phosphate-buffered saline (PBS; pH = 7.4) and then fixed with glutaric acid for 12 hours. 124 

Afterwards, the samples were rinsed with PBS (pH = 7.4) and then fixed with 1% osmium 125 

tetraoxide for 0.5 hours. Following three rinses with PBS (pH = 7.4), the samples were 126 

successively dehydrated in different concentrations (50%, 70%, 80%,95% and 100%) of 127 

ethanol for 15 min. Subsequently, the samples were added with isoamyl acetate and incubated 128 

for 10–20 min, followed by drying in a critical point dryer. The tissue blocks were fixed on 129 

the sample stage and sprayed with coat using a JFC-1600 ion sputter (JEOL, Tokyo, Japan). 130 
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Finally, the samples were observed and photographed under a JSM-6390LV scanning electron 131 

microscope (JEOL). 132 

TEM observation: Petiole samples of the ring and non-ring sites were rinsed with 133 

deionized water and cut longitudinally. TEM sections were prepared using the method of 134 

Kong et al. (2013). The tissue samples were sliced (50-60 nm) using an ultra-thin microtome. 135 

After staining with 2% uranyl acetate and lead citrate the sections were observed and 136 

photographed under a transmission electron microscope. Cell wall thickness was measured 137 

using the “Ruler” tool in Adobe Photoshop CS6. 138 

Fluorescence microscopy observation: Paraffin-embedded tissue sections were 139 

prepared using the method described by Li et al. (2016). After safranin O and fast green 140 

staining, the sections were dried in a 60°C oven followed by dehydration and clarification 141 

with xylene. Finally, the sections were dried and mounted with neutral gum. The prepared 142 

sections were observed and photographed under an Eclipse Ci fluorescence microscope 143 

(Nikon, Tokyo, Japan). Vascular bundle related indicators were measured using Image-Pro 144 

Plus 6.0 (Media Cybernetics Inc., Rockville, MD, USA). 145 

Vessel isolation and size measurement: The separation of vessel elements was 146 

performed using the chromic acid/nitric acid isolation method (Li et al., 2016). Briefly, 147 

petiole samples of the ring and non-ring sites were repeatedly boiled twice in water until all 148 

the samples sank to the bottom. The boiled water was poured and 10% chromic acid solution 149 

was added for 2 hours of dispersion. The dispersed samples were stained with 1% safranin O 150 

solution for 15 min. After removal of the excess staining solution, each sample was cut into 151 

eight temporary sections. The sections were observed under a BX61 light microscope, with 152 

10 fields of view selected at random for each section. A total of 80 fields of view were 153 

observed per treatment. The types of vessels were examined and counted. Vessel diameter 154 

and length were measured using Image-Pro Plus 6.0 (Media Cybernetics Inc.). 155 

Cell wall extraction: Cell wall components of cotton petioles were extracted using the 156 

method of Hu and Brown (1994). Briefly, fresh samples (each 5.**** g) of the ring and 157 

non-ring sites were ground in liquid nitrogen and the homogenates were transferred into 10 158 

volumes of 4℃ pre-cold ultrapure water. After centrifugation (1000g, 10 min), the 159 
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supernatants were discarded and the residues were rinsed with 10 volume of pre-cold water. 160 

The centrifugation procedure was repeated three times. Subsequently, the residues were 161 

rinsed three times with 10 volumes of 80% ethanol, and then rinsed once with 10 volumes of 162 

methanol–chloroform mixture (1:1, v/v) followed by 10 volumes of acetone. The remaining 163 

insoluble residues were collected as crude cell walls and dried in a 105℃ oven. 164 

Cell wall mechanical analysis by atomic force microscopy (AFM): The mechanical 165 

properties of petiole cell walls were analyzed using the method of He et al. (2015). Briefly, 166 

the crude cell walls were re-suspended in ultrapure water for 1 hour. The suspensions were 167 

dropped on clean glass slides with a pipette and air-dried overnight. AFM imaging was 168 

performed using an atomic force microscope (Bruker, Santa Barbara, CA, USA) in the 169 

ScanAsyst-Air mode. Images were captured using Bruker Scan Asyst-Air probes with a tip 170 

radius of 2–12 nm and silicon nitride cantilever (spring constant, 0.4 N m-1). All images were 171 

acquired at a low scanning speed of 1 Hz and quantitatively analyzed using the Nano Scope 172 

Analysis software (Bruker). For quantitative mechanical analysis with AFM, the deflection 173 

sensitivity (30-35 nm V-1) and precise spring constant (30–60 N m-1) of each probe used were 174 

corrected using the AFM system software before sample measurement (He et al., 2015). The 175 

Young’s modulus was obtained by calculation based on the Hertz model using the Nano 176 

Scope analysis software (Bruker), and the Poisson’s ratio of the samples was set to 0.3. 177 

FTIR analysis of cell wall composition: The crude cell walls were oven-dried, ground, 178 

and passed through a 100-mesh sieve. An appropriate amount of cell wall powder was 179 

thoroughly mixed with potassium bromide (1:100, w/w) in an agate mortar. The mixture was 180 

ground and introduced into a hydraulic press (Graseby-Specac Press, UK) to fabricate 181 

uniform transparent tablets. Infrared spectra were acquired using a VERTEX 70 Fourier 182 

infrared spectrometer (Bruker) in the spectral range of 4000–400 cm-1 with a resolution of 4 183 

cm-1, and the scans were performed 32 times in total. The background was scanned before the 184 

measurement of each sample, and the obtained infrared spectra were used for baseline 185 

correction to ascertain the peak value and absorbance. 186 

Mineral nutrient analysis: Total nitrogen and potassium concentrations in leaf and 187 

petiole samples were respectively determined by semi-micro Kjeldahl method and flame 188 
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photometry after digestion with H2SO4-H2O2. The boron, calcium, magnesium, and 189 

manganese concentrations were determined by inductively coupled plasma-mass 190 

spectrometry after digestion with HNO3-H2O2 (4:1, v/v). 191 

2.3. Statistical analysis 192 

Data were statistically analyzed using SPSS Statistics v17.0 (SPSS Inc., Chicago, IL, 193 

USA). T test was used for multiple comparisons. A P value of less than 0.05 was considered 194 

to indicate significant differences between the treatments (P < 0.05). 195 

3. Results 196 

3.1. Effects of boron application on probability of petiole ring formation and boron 197 

concentration in cotton 198 

We observed the formation of separated brown rings on the petioles of cotton plants 199 

grown under boron deficiency stress, but no rings appeared on the petioles of plants receiving 200 

sufficient boron fertilizer (Fig. 2, left). Following boron application, the probability of ring 201 

formation declined by 78.6% (P < 0.05; Fig. 2, right), while the boron concentrations in 202 

cotton leaves and petioles increased by 80.7% and 68.0%, respectively (P < 0.05; Fig. 3), as 203 

compared to those with no boron application. These results indicate that boron is a vital 204 

nutrient factor affecting the formation of petioles in cotton. 205 

  206 

Fig. 2 Effects of boron application on formation of petiole rings in cotton. B0 represents 207 

boron deficiency treatment (0 kg B ha-1) and B13.5 represents boron sufficiency treatment 208 

(13.5 kg B ha-1). Data are the means of four replicates (± standard). Different lowercase 209 

letters above error bars indicate significant differences between the treatments (P < 0.05) 210 
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 211 

Fig. 3 Effects of boron application on boron concentrations in leaves and petioles of cotton. 212 

B0 represents boron deficiency treatment (0 kg B ha-1) and B13.5 represents boron 213 

sufficiency treatment (13.5 kg B ha-1). Data are the means of four replicates (± standard). 214 

Different lowercase letters above error bars indicate significant differences between the 215 

treatments (P < 0.05) 216 

3.2. Changes in cell wall morphology and composition between ring and non-ring sites 217 

of cotton petioles 218 

After ring formation, we divided the petioles from boron-deficient cotton plants into ring 219 

sites and non-ring sites according to their morphological changes (Fig. 1). SEM images show 220 

that at the ring sites, the cell walls were thickened irregularly, while the chloroplasts were 221 

long and thin, deformed and slightly disintegrated, with an increased number of starch 222 

granules (Fig. 4A, B).At the non-ring sites of the petioles, the organelles including 223 

chloroplasts and mitochondria were generally complete; the cell wall thickness was relatively 224 

uniform and the chloroplasts had a full fusiform shape (Fig. 4C, D). The mean cell wall 225 

thickness at the ring sites was 1.44-fold that at the non-ring sites of the petioles (Fig. 4E). 226 

We obtained the force-distance curve by pressing the AFM probe into the cell wall 227 

surface and then transformed it into Young’s modulus to characterize the mechanical strength 228 

of petiole cell walls (Fig. 4F). Young’s modulus of the cell walls at the non-ring sites was 229 

4.96 Gpa. Following ring formation, Young’s modulus of the cell walls changed to 3.03 Gpa. 230 

The decrease in Young’s modulus of petiole cell walls at the ring sites is indicative of a 231 

decline in cell wall stability. 232 
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 233 

Fig. 4 Differences in cell wall morphology and mechanical strength between ring and 234 

non-ring sites of cotton petiole. A, B: ring subcellular structure; C, D: non-ring subcellular 235 

structure; E: cell wall thickness; and F: Young’s modulus. CW: cell wall; Chl: chlorophyll. 236 

The horizontal line of each box represents the mean value; the whiskers outside the box 237 

extend to the 5% and 95% percentiles; and scatters represent outliers 238 

We used FTIR spectra to distinguish the functional groups present in petiole cell walls 239 

and to identify the chemical composition of the cell walls at the ring and non-ring sites. 240 

Substantial differences were observed between the ring and non-ring sites of cotton petioles 241 

with regard to the position and relative absorbance of the peaks in the wavenumber range of 242 

4000–800 cm-1 (Fig. 5). A characteristic absorption peak was observed at around 3400 cm-1, 243 

which is attributed to the stretching vibration of O-H and N-H in carbohydrates and proteins; 244 

this peak is therefore mainly derived from hydrogen bonds (Yang and Yen, 2002). Compared 245 

to that of the non-ring sites, the absorption peak of petiole cell walls at the ring sites shifted to 246 

high wavenumber by 15.5 cm-1 and its relative absorbance also increased, indicating that ring 247 

formation alters the hydrogen bonds within carbohydrates and proteins in the petiole cell 248 

wall. 249 

 250 

 251 
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 252 

Fig. 5 Differences in Fourier-transform infrared spectra of petiole cell walls between ring and 253 

non-ring sites 254 

The characteristic absorption peaks at around 2920 and 2850 cm-1 are attributed to the 255 

reverse stretching vibration of C-H, which is mainly derived from the wax and cellulose in 256 

the cell wall (Abidi et al. 2008). Compared to that of the non-ring sites, the relative 257 

absorbance of these two peaks of petiole cell walls at the ring sites increased, suggesting the 258 

accumulation of wax and cellulose. The absorption peak at around 1745 cm-1 is attributed to 259 

the stretching vibration of C=O from the ester group (-COOR) in cell wall pectins 260 

(Alonso-Simon et al., 2011). The cell wall strength increased in the petiole rings, indicating 261 

structural changes in cell wall pectins after ring formation. 262 

The absorption peaks at around 1640 and 1510 cm-1 are attributed to amide I and amide 263 

Ⅱ absorption bands of cell wall protein (Tatulian 2013). Compared to those of the non-ring 264 

sites, the two peaks of petiole cell walls at the ring sites had enhanced absorption intensity, 265 

indicating the destruction of protein structure in the petiole cell wall by the rings. Moreover, 266 

the absorption peak at around 1060 cm-1 mainly indicates different vibration modes of the 267 

polysaccharide skeleton (Barron et al. 2005). The absorption intensity of this peak was also 268 

enhanced at the ring sites compared to the non-ring sites. Altogether, the results indicate that 269 

there are changes in the content and structure of cell wall components after the formation of 270 

petiole rings. 271 

3.3. Changes in anatomical structure between ring and non-ring sites of cotton petioles 272 

Fluorescence microscopy observation revealed that the petioles of cotton were comprised 273 



12 

 

of epidermis, cortex, vascular bundles, and pith cells (Fig. 6). At the non-ring sites, there was 274 

a relatively long distance between the epidermis and vascular bundles; phloem and xylem 275 

cells were arranged in an orderly manner, while pith cells were characterized by a neat, 276 

compact arrangement and a large size. Comparing the ring sites to the non-ring sites, we 277 

observed an overgrowth of vascular bundles, along with 11.0%, 14.6% and 23.9% increases 278 

in the areas of vascular bundles, xylem, and phloem, respectively. The number of parenchyma 279 

cells between xylem vessels decreased, while the vessel area and number respectively 280 

increased by 15.8% and 28.3% at the ring sites compared to the no-ring sites. Additionally, 281 

there was an abnormal increase of pith cells which were deformed and squeezed at the ring 282 

sites (Fig. 6, Table 1). 283 

 284 

 285 

Fig. 6 Fluorescence microscopy observation on longitudinal paraffin-embedded sections of 286 

cotton petioles at ring and non-ring sites. A: ring, bar = 250 μm; B and C: ring, bar = 100 μm; 287 

D: non-ring, bar = 250 μm; E and F: non-ring, bar = 100 μm; EP: Epidermis; VB: vascular 288 

bundle; PT: pith; PF: phloem fiber; PL: phloem; CB: cambium; and XL: xylem 289 

 290 

 291 

 292 

 293 

 294 



13 

 

Table 1 Changes in anatomical structure between ring and non-ring sites of cotton petiole 295 

Sampling site 

Cross-section

al area 

(mm2) 

Vascular 

bundle area 

(mm2) 

Xylem area 

(mm2) 

Phloem area 

(mm2) 

Vessel 

number 

(No.) 

Vessel area 

 (mm2) 

Ring 18.10±1.18a 4.53±0.35a 2.27±0.16a 1.09±0.17a 761±65a 0.88±0.07a 

Non-ring 17.66±1.08a 4.08±0.28b 1.98±0.17b 0.88±0.12b 593±34b 0.76±0.05b 

Note: Data are the means of eight replicates (± standard). Values with different lowercase 296 

letters are significantly different between the sampling sites using the t-test (n = 8, P < 0.05) 297 

To explore the effect of ring formation on the transport function of cotton petioles, we 298 

further observed the morphology of vessel elements in the petioles by TEM. At the ring sites, 299 

there was an overgrowth of vessels which were dry and deformed; a large number of 300 

perforations occurred on the side wall of the vessels (Fig. 7A, C). At the non-ring sites, the 301 

vessels were arranged in an orderly manner; the vessels were full and round with large 302 

diameter and loose structure (Fig. 7B, D). A large number of tiny vessels appeared in the 303 

petioles after ring formation, causing significant reductions in vessel diameter and length at 304 

the ring sites (Fig. 8). 305 
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 306 

Fig. 7 Vessel morphologies in ring (A, C) and non-ring (B, D) sites of cotton petioles  307 

 308 
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Fig. 8 Diameter (A) and length (B) of vessels at ring and non-ring sites of cotton petioles. 310 

The horizontal line of each box represents the mean value; the whiskers outside the box 311 

extend to the 5% and 95% percentiles; and scatters represent outliers. 312 

3.4. Change in mineral nutrient concentrations in various parts of cotton petioles 313 

To verify the effect of ring formation on mineral nutrient transport in cotton petioles, we 314 

divided the petioles of functional leaves from boron-deficient cotton plants into three parts. 315 

No significant changes were observed in the nitrogen, potassium, and calcium concentrations 316 

among the upper, middle, and lower parts of petioles after ring formation. However, the 317 

boron, magnesium, and manganese concentrations changed in the order of lower part > 318 

middle part > upper part. Specifically, the boron, magnesium, and manganese concentrations 319 

in the upper part of the petioles were 18.1%, 21.0% and 31.8% lower than those in the lower 320 

part, respectively (P < 0.05; Fig. 9). This result indicates that the formation of brown rings on 321 

the petioles hinders the transport of mineral nutrients from the roots to the leaves in 322 

boron-deficient cotton. 323 
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 324 

Fig. 9 Differences in boron (A), nitrogen (B), potassium (C), calcium (D), magnesium (E), 325 

and manganese (F) concentrations in various parts of boron-deficient cotton petioles. Data are 326 

the means of four replicates (± standard). Different lowercase letters above error bars indicate 327 

significant differences among the three parts of petioles (P < 0.05). 328 

4. Discussion 329 

During plant growth and development, different environments induce changes in the 330 

physiological and metabolic activities in various parts of the plants, which affects the 331 

construction of organs and tissues, thereby leading to differences in plant morphology. Under 332 

boron deficiency stress, rape (Brassica napus L.) is characterized by thin plants, curled leaves, 333 
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retarded growth, and cracked stems (Hua et al., 2016). Compared to healthy plants, 334 

boron-deficiency radish (Raphanus sativus L.) plants have smaller leaves that are unevenly 335 

thickened with curved edges (Cong et al., 2015). Here, our results indicate that boron 336 

deficiency induces the formation of brown rings on the petioles of cotton during the seedling 337 

stage; the application of boron fertilizer considerably increases boron concentrations in the 338 

petioles and leaves of cotton, thereby reducing the probability of ring formation. When 339 

subjected to boron deficiency stress, cotton plants exhibit curling of new leaves, blockage of 340 

apical growing point, and death of apical buds, along with flower and boll abscission during 341 

the development of reproductive organs (Bogiani et al., 2014; Wu et al., 2017). In short, 342 

brown rings formed on the petioles can be used as an indicative symptom of boron deficiency 343 

in cotton at the seedling stage. 344 

The plant cell wall is a highly complex and dynamic structure composed of cellulose, 345 

hemicellulose, pectin, lignin, protein, and inorganic molecules (Showalter et al., 1996). Boron 346 

deficiency stress results in the thickening of plant cell walls, which in turn destructs the 347 

internal structure of the cells, causing slight disintegration and even disappearance of various 348 

organelles within the cells (Shah et al., 2017). In the present study, we demonstrated an 349 

inconsistency in the composition and structure of petiole cell walls between the ring and 350 

non-ring sites in cotton plants under mild boron deficiency stress (Figs. 4 and 5). Particularly, 351 

the relative absorbance of the peaks attributed to wax and cellulose was increased in the 352 

petiole rings (Fig. 5), indicating more cellulose accumulation occurring in petiole cell walls. 353 

According to Hu and Brown (1994), higher levels of cellulose hinder the extension and 354 

structural changes of plant cell walls, thereby leading to cell wall thickening. This could 355 

explain our observation that petiole cell walls were irregularly thickened at the ring sites 356 

compared to the non-ring sites in boron-deficient cotton (Fig. 4). 357 

Cong et al. (2015) indicated that boron deficiency reduces the bonding between pectic 358 

polysaccharides and plant cell walls, thereby decreasing cell wall plasticity and easily causing 359 

the cell walls to rupture. In the current study, the results showed that the mechanical strength 360 

of petiole cell walls was reduced at the ring sites compared to the non-ring sites in cotton 361 

plants under boron deficiency stress, which decreased cell wall stability (Fig. 4). The 362 
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absorption of the peak attributed to the ester group (-COOR) in pectins was increased in the 363 

petiole rings, indicating structural changes in cell wall pectins after ring formation on cotton 364 

petioles. Moreover, the hydrogen bonding between protein and polysaccharide molecules was 365 

destructed at the ring sites, which inevitably impaired the integrity and function of petioles 366 

cell walls. In short, the composition and structure of plant cell walls are inconsistent between 367 

the ring and non-ring sites in cotton under boron deficiency stress. Especially, the normal 368 

structure and function of petiole cell walls are impaired in the rings, which in turn affects the 369 

transport function of the petioles. 370 

Liu et al. (2013) observed that boron deficiency causes an overgrowth of vascular 371 

bundles in the leaf veins of citrus (Citrus reticulata Blanco), with leaf vein burst in severe 372 

cases. Notably, we observed that boron deficiency-induced changes in cotton petioles were 373 

not uniform or continuous, which could be divided into alternately arranged ring and non-ring 374 

sites with substantial differences in their appearance (Fig. 2). Li et al. (2017) showed that 375 

there is continuous growth of vascular bundles in the petioles of cotton under boron 376 

deficiency stress; the vascular cambium is irregularly thickened, which extends to produce 377 

phloem outwardly and xylem inwardly. To further explore the nutrient transport changes in 378 

cotton petioles after ring formation, we performed an anatomical observation on the different 379 

sites of boron-deficient cotton petioles. We observed an orderly arrangement of phloem and 380 

xylem cells at the non-ring sites, with large pith cells arranged in an orderly and compact 381 

manner. At the ring sites, there was an overgrowth of vascular bundles, with pith cells 382 

increased abnormally, deformed and squeezed. Ishii et al. (2001) found that the sieve pores of 383 

vascular bundles are blocked after boron deficiency, resulting in callose and carbohydrate 384 

accumulation in the sieve tubes. 385 

Xylem vessels are required for the continuous supply of water to the leaves to maintain 386 

photosynthesis and provide essential nutrient elements to the shoots (Wimmer and Eichert, 387 

2013). Here, we observed numerous tiny vessels present in the petiole rings of 388 

boron-deficient cotton, which led to substantial reductions in vessel diameter and length 389 

compared to those at the non-ring sites (Fig. 6). Li (2012) showed that boron-deficient citrus 390 

plants have small-diameter vessels in leaf veins, with a large number of vessels per unit area 391 
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and low proportions of cavities and emboli; the vessels have high anti-pressure ability and are 392 

unlikely to collapse completely, but there exists large transport resistance with low transport 393 

efficiency. In the present study, the results showed that boron, magnesium, and manganese 394 

concentrations decreased remarkably from the lower part to the upper part of boron-deficient 395 

cotton petioles. This provides evidence that the formation of petiole rings hinders the 396 

migration of nutrient ions from the stems to the leaves of cotton. Li et al. (2016) found that 397 

boron deficiency induces side-wall perforations of vessels in the roots of citrus. Similarly, we 398 

also observed side-walls perforations of vessels in the petiole rings of boron-deficient cotton 399 

(Fig. 5C), which is favorable for the lateral transport of nutrients and water. In summary, a 400 

large number of tiny vessels are formed in the petiole rings, which is a self-rescue action for 401 

cotton to adapt to boron deficiency stress; however, many vessels are squeezed and collapsed, 402 

thus reducing the transport capacity of cotton petioles. 403 

5 Conclusions 404 

The formation of brown rings on cotton petioles is a typical symptom of mild boron 405 

deficiency. Under boron deficiency stress, the cell wall composition of cotton petioles is 406 

changed, along with cellulose accumulation. The cell walls are thickened irregularly and their 407 

mechanical strength is reduced. The vessels are prone to rupture and deformation. 408 

Consequently, the functionality of petioles declines in boron-deficient cotton. In order to 409 

adapt to boron deficiency stress, the plants form a large number of tiny vessels in the petiole 410 

rings, which reduces the rate of vessel embolization. The transport efficiency of the vessels is 411 

improved via side-wall perforations. However, many vessels are squeezed and deformed, 412 

with high transport resistance and thus low efficiency. Therefore, the presence of rings on the 413 

petioles reduces the transport of mineral nutrients from the root to the leaves in 414 

boron-deficient cotton. 415 
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