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The middle layer is an essential cell layer of the anther wall located between the endothecium and tapetum in Arabidopsis. Based on sectioning, the middle layer was found to be degraded at stage 7, which led to the separation of the tapetum from the anther wall. Here, we established techniques for live imaging of the anther. We created a marker line with fluorescent proteins expressed in all anther layers to study anther development. Several staining methods were used in the intact anthers to study anther cell morphology. We clarified the initiation, development, and degradation of the middle layer in Arabidopsis. This layer is initiated from both the inner and outer secondary parietal cells at stage 4, stopped cell division at stage 6, and finally degraded at stage 11. The neighboring cell layers, the epidermis, and endothecium continued cell division until stage 10, which led to a thin middle layer. The degradation of the tapetum cell wall at stage 7 lead to its isolation from the anther wall. This work presents fundamental information on the development of the middle layer, which facilitates the further investigation of anther development and plant fertility. These live imaging methods could be useful in future studies.
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INTRODUCTION

The anther is the male reproductive organ in seed plants. Its main function is to produce and disperse pollen. Defects in anther development leading to male sterility are widely used in agriculture to increase crop yields (Tester and Langridge, 2010). In angiosperms, anther structure is generally conserved. The anther wall contains four layers called the epidermis, endothecium, middle layer, and tapetum. Inside anther locules, pollen mother cells undergo meiosis to form microspores enclosed in the tetrad. After release, microspores further develop into mature pollen (Goldberg et al., 1993; van der Linde and Walbot, 2019). Anther wall layers carry out different functions for pollen formation and release. The epidermis plays a protective role in anther development. The tapetum provides nutrients for microspore development and materials for pollen wall formation. The endothecium is responsible for anther dehiscence to disperse pollen when they are mature (van der Linde and Walbot, 2019). The middle layer is located between the tapetum and endothecium. Currently, knowledge of its development and function during anther development is limited.

Arabidopsis is the most celebrated model plant. Its anther development has been extensively investigated. The development of anthers in Arabidopsis is divided into 14 stages. The section technique is generally used to assess anther development. Based on this technique, the middle layer was shown to be a short-lived, transient cell type in Arabidopsis (Goldberg et al., 1993; Sanders et al., 1999; van der Linde and Walbot, 2019). This layer is established at stage 4 together with the four-lobed anther. The middle layer becomes thinner at stage 5 and is mechanically crushed or undergoes programmed cell death at stage 6 prior to the completion of meiosis. Only remnants of this layer are present at stage 7 when meiosis is finished and tetrads are formed. Finally, the middle layer completely disappears at stage 8 when the callose wall surrounding tetrads degenerates (Goldberg et al., 1993; Sanders et al., 1999; van der Linde and Walbot, 2019). However, by using transmission electron microscopy (TEM), the middle layer is observed at the late uninucleate microspore stage (Owen and Makaroff, 1995; Quilichini et al., 2014). Although current knowledge about the middle layer is quite limited, several mutants with defective middle layers have been reported. Loss-of-function mutants of several receptor-like kinases display defects in the middle layer and pollen formation (Mizuno et al., 2007; Cui et al., 2018). These mutant phenotypes indicate that the middle layer is essential for anther development and pollen formation.

The anther primordium cell layers are designated L1, L2, and L3. The endothelium, middle layer, and tapetum are derived from L2. L2 cells develop into archesporial cells, which divide into parietal cells and sporogenous cells. Parietal cells generate inner secondary parietal (ISP) cells and outer secondary parietal (OSP) cells (Goldberg et al., 1993; van der Linde and Walbot, 2019). OSP and ISP cells further develop into the endothecium and tapetum. The middle layer is located between the endothecium and tapetum. In a study of the EXCESS MICROSPOROCYTES1 gene, the middle layer was observed to originate from OSP cells (Zhao et al., 2002; Zhao, 2009; Chang et al., 2011). In the study of tapetum development, ISP cells were shown to perform periclinal division to form the tapetum and the middle layer (Feng and Dickinson, 2010). Therefore, middle layer initiation still needs to be clarified.

Semithin sections observed by bright-field microscopy are the major method for cellular analysis of anther development. However, sections may damage the tissue morphology, and the resolution of bright-field microscopes is not sufficient to detect detailed information on anther development. Optical observation of intact plant tissue could be achieved by laser scanning confocal microscopy (LSCM). It provides high-resolution and dynamic images in vivo without fixing, sectioning, and dehydrating (Sappl and Heisler, 2013). However, plant tissues contain various components with different refractive indexes, leading to light scattering and low-quality LSCM images in the deep tissue (Kurihara et al., 2015). To enhance the signals in deep tissue, researchers have used transgenic marker lines expressing fluorescent proteins with LSCM. Several chemical reagents are used to “clear” (improve transparency and decrease light scattering) plant tissue. Through these treatments, cell patterning in the intact organ can be visualized (Kurihara et al., 2015). Many histological staining techniques are combined with one clearing method, ClearSee (Kurihara et al., 2015) and LSCM in intact tissues (Ursache et al., 2018). These methods improve the resolution of images and decrease the cost of fixing and sectioning. Together, these new methods have been used to visualize cell patterning in complex organs such as roots, leaves, or shoot apical meristems (SAMs) in vivo (Truernit et al., 2008; Andriankaja et al., 2012; Kurihara et al., 2015; Xue et al., 2015; Ursache et al., 2018).

The major method for anther cellular analysis is semithin sections of fixed samples (Cui et al., 2018; Jacobowitz et al., 2019; Xu et al., 2019; Yamamoto et al., 2020). In this study, we used an appropriate promoter for the ubiquitous expression of fluorescent proteins in anthers. A marker line for cell morphology was created for live imaging of the anther. Histological staining and clearing methods were also used with anthers to analyze the cell morphology. Through these methods, we clarified the initial process, development, and degradation of the middle layer in Arabidopsis. Further cell proliferation analyses showed the division patterns of different anther layers. Together, these studies provide fundamental knowledge of anther development. The application of new imaging techniques in anther development may provide further information for future studies.



RESULTS


The Promoter of POLYUBIQUITIN 10 Drives the Expression of Fluorescent Proteins in Cells of All Anther Layers

The 35S promoter of the cauliflower mosaic virus is the most commonly used promoter in plants (Benfey and Chua, 1990). We introduced the Pro35S:GFP transgenic construct into Arabidopsis. GFP signals could be detected in the leaf epidermis, mesophyll, anther epidermis, and endothecium (Supplementary Figure 1 and Figure 1A). However, no GFP signal was detected in the middle layer, tapetum, or microspores of these transgenic lines (Figure 1A). To screen appropriate promoters for the in vivo analysis of anthers, we analyzed the expression of several housekeeping genes in anthers (Supplementary Figure 2). Among these genes, TUBULINA6 (TUA6), TUBULIN6 (TUB6), GLYCERALDEHYDE 3 PHOSPHATE DEHYDROGENASE A SUBUNIT (GAPA), and POLYUBIQUITIN 10 (UBQ10) were highly expressed in anthers. We cloned the promoters of these genes to generate the constructs ProTUA6: VENUS, Pro TUB6: VENUS, ProGAPA: VENUS, and ProUBQ10: VENUS. After introduction into wild-type Arabidopsis, at least three independent transgenic lines for each construct were analyzed. Through LSCM, VENUS signals were detected in the leaf epidermis and mesophyll of all these transgenic lines (Supplementary Figures 1, 3). However, no VENUS signals of TUA6-VENUS, TUB6-VENUS, or GAPA-VENUS were detected in the tapetum, microspore mother cells, or microspores of these plants (Figure 1A and Supplementary Figures 1, 3). Thus, the TUA6, TUB6, and GAPA promoters could not drive VENUS expression in every anther layer. In the ProUBQ10:VENUS transgenic plants, VENUS signals were detected ubiquitously at stages 4–5 in anthers (Supplementary Figure 1). At stages 6–10, strong VENUS signals were detected in the epidermis, endothecium, and middle layer (Figure 1A). Thus, the UBQ10 promoter conferred ubiquitous expression in anthers. This promoter could be used to construct marker lines for anther developmental analysis.
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FIGURE 1. The live imaging methods for intact anther. (A) Expression of VENUS driven by the promoters of 35S, GAPA, and UBQ10 in anther stages 6, 7, 9, and 11. The VENUS signals are colored green, and the chloroplasts are colored red. Scale bar = 10 μm. (B) Fluorescence images of anthers stained with CW in anther stage 7 are shown in the first row. Arrows show the newly formed cell wall. The images of anthers stained with DAPI in anther stage 7 are shown in the second row. The images in the third row show the expression of ProUBQ10-H2B-VENUS in anther stage 7. The VENUS signals are colored green. The CW signals are colored green. The DAPI signals are colored cyan, and the chloroplasts are colored red; 35S: Pro35S: GFP. UBQ10: ProUBQ10: VENUS. GAPA: ProGAPA: VENUS. CW, Calcofluor white staining; DAPI, DAPI staining; H2B, ProUBQ10; H2B, VENUS; FLU, fluorescence signals; BF, bright field signals; Merge, merge signals. White arrows show the dividing cells and middle layer nucleus. The blue arrow shows the callose. The black box shows the middle layer cell. Scale bar = 10 μm.




The Establishment of Live Imaging Methods in Intact Anthers

Plant tissues with different compositions can cause light scattering. This phenomenon leads to difficulty in observing deep plant tissue using LSCM. In this study, the clearing method of ClearSee combined with the cell wall polysaccharide dye Calcofluor white (CW) (Ursache et al., 2018), as described in another study. The CW signals clearly showed the cell wall of the anther layers at stage 7 (Figure 1B). Newly formed cell walls showed weak signals in the epidermis and endothecium layer (Figure 1B). The middle layer was thinner than its neighboring layers (Figure 1B). The tapetum cell wall was degraded (Figure 1B). Strong CW signals of the callose surrounding tetrads were identified in the anther locules (Figure 1B). Together, the different cell types of anthers were clearly identified. The classic dye 4′6-diamidino-2-phenylindole (DAPI) is used to stain DNA in nuclei. Here, a simplified clearing method (see “Materials and Methods” section) was combined with DAPI staining to show the nuclei in intact anthers. Through this staining, the epidermis, endothecium, tapetum, and tetrads showed typical rounded nuclei, while oblong nuclei were observed in the middle layer (Figure 1B). Only the tapetum contains two nuclei at this stage (Figure 1B). Histone 2B (H2B) is a marker protein of nucleosomes. To confirm the DAPI staining, we constructed ProUBQ10:H2B:VENUS and transferred it into wild-type Arabidopsis to visualize the nucleosomes. The VENUS signals were detected by LSCM and showed a similar shape to DAPI in the transgenic plants in vivo (Figure 1B). Together, these methods clearly showed the characteristics of the cell layers in the intact anther of Arabidopsis.



The Middle Layer Is Derived From Both Inner Secondary Parietal (ISP) and Outer Secondary Parietal (OSP) Cells in the Anther

ISP and OSP cells are derived from parietal cells at stage 3 (Sanders et al., 1999). Generally, anticlinal division increases the cell number of each layer, while periclinal division leads to the formation of new cell layers. Direct observation of the axial cell division could be based on nuclear division directions and the axial direction of the newly formed cell wall. The middle layer is established at stage 4 (Sanders et al., 1999). After the establishment of this layer, the original axial cell division could not be detected. To identify anthers that were at stage 4 and were undergoing periclinal division, we analyzed the relationship between flower size and anther stages (Supplementary Figure 4). Anthers of approximately 339 μm2 that were at stage 4 were collected. LSCM was used to identify the maximum longitudinal section of each anther (Supplementary Figure 5). In this section, the axial division of the ISP and OSP layers was analyzed in Arabidopsis ecotype Col-0 (Figure 2A). CW staining was used to show the axis of the newly formed cell wall. We identified 71 anthers that had established their middle layer (Figure 2D). The signals of newly formed cell walls that separated two daughter cells were detected in all the cell layers (Figure 2B). In the epidermis, newly formed cell walls were perpendicular to the long side (Figure 2B), indicating anticlinal division in these layers. However, in ISP and OSP cells, newly formed cell walls were perpendicular to both the short side and long side in different cells (Figure 2B). These results showed that periclinal division appeared in both ISP and OSP cells, indicating that the middle layer was derived from both layers. To further confirm this result, we performed DAPI staining. Consistent with the CW staining, DAPI signals increased by periclinal division were also detected in both the ISP and OSP layers (Figure 2C). Thus, evidence of nuclear division and newly formed cell walls consistently showed that the middle layer originates from both ISP and OSP cells. Statistics showed that the middle layer was generated from ISP cells in 84.51% of the anthers, from both ISP and OSP cells in 14.08% of the anthers, and from OSP cells in 1.41% of the anthers in Col-0 (Figure 2D). This result indicates that the initial middle layer varies in Col-0.
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FIGURE 2. The middle layer is derived from both inner secondary parietal (ISP) and outer secondary parietal (OSP) cells in the anther. (A) Model of the origin of the middle layer. The first model shows periclinal division in ISP cells to form the endothecium and middle layer. The second model shows periclinal division in OSP cells to form the tapetum and middle layer. The last model shows periclinal division in both OSP and ISP cells. (B) Images of Col-0 anthers stained with CW at stages 3, 4, and 5. The images in the left column show the CW signals. The images in the middle showed bright field signals. The right images are the merged signals of Calcoflour white (CW) and the bright field. Arrow shows the newly formed cell wall. Stage 4 divided: the anther finished periclinal division at stage 4 with the middle layer fully formed. Stage 4 division: the anther was undergoing periclinal division. The middle layers were derived from inner secondary parietal cells (ISPs), outer secondary parietal cells (OSPs), and both inner secondary parietal cells and outer secondary parietal cells (ISPs and OSPs) in the same anther. Scale bar = 10 μm. (C) Fluorescence images of Col-0 anthers stained with 4′,6-diamidine-2-phenylindole (DAPI) at stage 4. The images in the left column show the DAPI signals. The images in the middle showed bright field signals. The right images merge the DAPI signals and the bright field signals. Scale bar = 10 μm. (D) The statistics of CW staining anthers undergoing periclinal division in stage 4. ISP: middle layer derived from inner secondary parietal cells. OSP: middle layer derived from outer secondary parietal cells. ISP and OSP: middle layer derived from both inner secondary parietal cells and outer secondary parietal cells in the same anther.




The Cell Division and Expansion of the Middle Layer

Sections reveal that the morphology of the middle layer is similar to that of the tapetum at stage 4, while this layer becomes thinner at stages 5–6 and finally cannot be detected at stage 8 (Sanders et al., 1999). Cell division and expansion are critical for cell morphology and organ development (Anastasiou and Lenhard, 2007). To study cell division in anthers, we introduced a cell cycle marker into Arabidopsis. B-type CYCLIN (CYCB) is a key factor in the G2/M transitions (De Veylder et al., 2007). ProCYCB1;1: CYCB1;1: VENUS was constructed and transferred to wild-type Col-0 to generate a proper marker line. VENUS signals were detected at all the cell layers before stage 6 in these transgenic plants (Figure 3A). At stage 6, the VENUS signals of CYCB disappeared in the middle layer and tapetum. However, in the epidermis and endothecium, the signals of the marker protein were detected until stage 10 (Figure 3A). These results indicated that the cell division of the middle layer and tapetum stops at stage 6, while the epidermis and endothecium undergo cell division from stage 5 to 10. To confirm these results, we determined the cell number in the anther layer. CW staining was performed in intact anthers at stages 6–10. At the maximum longitudinal sections (Supplementary Figure 5), the cell numbers of each layer were counted (Figure 3B). In the middle layer, no significant cell number increase was detected from stage 6 to 10 (Figure 3C). However, the endothecium and epidermis cell numbers showed a significant increase in these stages (Figure 3C). Taken together, these results showed a distinct cell division regulation of anther layers.
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FIGURE 3. The cell division and expansion of anther layers. (A) The expression of ProCYCB1;1: CYCB1;1: VENUS in anther stages 5–11. The VENUS signals are colored green, and the chloroplasts are colored red. Arrows show the dividing cells. Scale bar = 10 μm. (B) The CW staining in anther stages 4–11. The CW signals are colored green. Arrows show the tapetum cell wall. Scale bar = 10 μm. (C) Statistical analysis of anthers in anther stages 6, 7, 10, and 11. The first image on the left shows the cell number. The second image shows the cell area. The third shows the aspect ratio. For each layer, the cell number was quantified from at least 10 anthers per stage with three biological repeats. The cell area and aspect ratio were quantified from five cells in each layer. At least 10 anthers per stage were used for the analysis with three biological repeats. Further statistical analysis was performed by R. Asterisks indicate statistically significant differences (P < 0.01, ANOVA by R). Ep, epidermis; En, endothecium; ML, middle layer; S6, stage 6; S7, stage 7; S10, stage 10; S11, stage 11; Ns, not significant.


Anther size dramatically increased in stages 4–11 (Supplementary Figure 4). To study the correlated cell expansion, we analyzed cell areas of the epidermis, endothecium, and middle layer. The cell area of the middle layer showed no increase at stages 6–7 (Figure 3C). In stages 7–10, the cell area of middle layer cells was increased significantly (Figure 3C), suggesting that cell expansion occurred in these stages. The cell areas of the endothecium and epidermis showed a significant increase from stage 5 to 10 (Figure 3C), together with the results of the cell cycle marker, indicating that both cell division and cell expansion occurred in the endothecium and epidermis at these stages. Taken together, after the establishment of anther layers at stage 4, the middle layer underwent cell division at stages 4–6 and cell expansion at stages 7–10. The cells of the endothecium and epidermis layer underwent both cell division and cell expansion at stages 5–10 (Figure 3). The side length of the anther cells was measured to analyze the cell shape of each layer. The aspect ratio of the middle layer was dramatically increased (Figure 3C). This increase leads to an increasingly thin middle layer that is hard to detect in sections after stage 8 (Sanders et al., 1999). The epidermal and endothelial cells showed a similar aspect ratio at stage 6 (Figures 3B,C). However, in stages 7–11, the aspect ratio was increased in the epidermis but decreased in the endothecium (Figure 3C), resulting in a thin epidermis and a thick endothecium layer. These results showed a distinct regulation of cell expansion in different anther layers.



The Degradation of the Middle Layer Started at Stage 10

The middle layer is considered to be degraded at stage 7 (Goldberg et al., 1993; Sanders et al., 1999; Walbot and Egger, 2016). However, in the intact anther, our results showed that the middle layer was not degraded in this stage (Figure 3B), which was consistent with previous reports (Owen and Makaroff, 1995; Quilichini et al., 2014). The cell size of the middle layer was still increasing during stages 7–10 (Figures 3B,C). To study the degradation of the middle layer, we performed CW and DAPI staining in Arabidopsis to individually show the degradation of the cell wall and nucleus. DAPI staining showed that the DNA signals in the nucleus were still detectable at stage 10 (Figure 4A). In stage 11, no DAPI signals could be detected in the middle layer (Figure 4A). Consistently, CW staining showed that signals in the cell wall of the middle layer could be detected at stage 10 but completely disappeared at stage 11 (Figure 3B). To further confirm the staining results, we used the marker line ProUBQ10: H2B: VENUS. The H2B-VENUS signals showed similar results with DAPI staining (Figure 4A). Together, evidence from both cell wall and nuclear degradation studies demonstrated that the middle layer survived until stage 10 and completely disappeared at stage 11. This finding is similar to the degradation of the tapetum. Thus, we showed that the middle layer and tapetum were degraded at the same stage.
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FIGURE 4. The degradation of the middle layer started at stage 10. (A) DAPI staining and ProUBQ10-H2B-VENUS signals in anther stages 10 and 11. Arrows show the middle layer and tapetum cells. The VENUS signals are colored green, the chloroplasts are colored red, and the DAPI signals are colored cyan. DAPI, DAPI staining; H2B, ProUBQ10-H2B-VENUS. Scale bar = 10 μm. (B) Model of anther development. Images showed anther cell morphology during anther development. Ep, epidermis; En, endothecium; ML, middle layer; T, tapetum; MMC, microspore mother cell; ISP, inner secondary parietal cell; OSP; outer secondary parietal cell; MSp, microspores.




DISCUSSION

Anther development is critical for pollen formation. The traditional evidence of anther development is mainly from semithin sections (Zhao et al., 2002; Feng and Dickinson, 2010). In this work, we developed several live imaging methods for the study of anther development. After screening the ubiquitously expressed promoter UBQ10, we created the marker line ProUBQ10: H2B: VENUS, which is a useful tool in the study of cell morphology and proliferation. The marker line is not only used for live imaging analysis of the middle layer in this work but could also be used in the study of other layers in anthers. In this study, we used CW and DAPI staining in intact anthers to avoid damage to sections. These easy-to-use and low-cost methods provide better images than current methods for developmental studies in vivo. Through these methods, we clearly showed the developmental process of the middle layer. Other anther layers could also be analyzed through these methods.

L2 anther primordium cells develop into parietal cells, which further generate ISP and OSP cells (Goldberg et al., 1993; Sanders et al., 1999). Middle layer formation is studied in both monocotyledon plant maize and rice, and dicotyledon plant Arabidopsis. In maize, OSP cells are considered to only undergo anticlinal divisions to form the endothecium layer, and ISP cells undergo periclinal divisions to produce both the middle layer and tapetum (Sheridan et al., 1999). In rice, the middle layer is also considered to be divided only from ISP cells (Raghavan, 1988). Thus, the identity of individual cell layers is proposed to be determined by genetically controlled periclinal cell divisions (Kelliher and Walbot, 2011). However, in Arabidopsis, OSP cells are also reported to generate middle layer cells (Zhao et al., 2002; Feng and Dickinson, 2010). In this study, we used staining methods to analyze the initiation of the middle layer in Arabidopsis. Evidence of both nuclear division and new cell wall formation showed that the middle layer was derived from both the ISP and OSP cells in Col-0 (Figure 2), indicating that the cell fate determination of the middle layer was non-cell-autonomous in Arabidopsis.

Cell division and expansion are the basis of anther size enlargement. In this study, we showed that different anther layers exhibited distinct cell proliferation and expansion strategies to support anther development. For the epidermis and endothecium, cell division is maintained for a long time, providing enough cells to build anther locules with enough space for microspore development and pollen formation. The endothecium is required for the anther dehiscence. This layer is lignified at stage 11 to provide resistance to bending and stretching, and is essential for final anther dehiscence (Steiner-Lange et al., 2003; Yang et al., 2007, 2017; Xu et al., 2019). For this layer, more cell divisions occur than in the epidermis. The aspect ratio of this layer decreases from stage 5 to 11, forming a quadratic cell layer. These quadratic types of cells provide a thick layer, which may provide more strength for anther dehiscence after lignification of their cell walls.

The middle layer is very thin at stages 6–7 and is considered to be degraded before the completion of meiosis, as shown by semithin sections (Goldberg et al., 1993; Sanders et al., 1999; van der Linde and Walbot, 2019). Transverse sections showed that the tapetum is usually isolated from the anther wall at stage 8 (Sanders et al., 1999). The degradation of the middle layer is believed to separate the endothecium from the tapetum (van der Linde and Walbot, 2019). We showed that the middle layer was undergoing cell division with an increasing aspect ratio at stages 4–6, which led to a very thin middle layer that was hard to detect in the semithin sections (Figure 3). However, this layer survived after meiosis, and the cell size was still increasing with an even higher aspect ratio at stages 7–10. These results showed that this layer existed much longer than previously believed. The tapetum provides material and nutrition for microspore development and pollen formation (Zhu et al., 2011). Through the sections, the tapetum was found to be isolated from the anther wall and detected in the anther locules at stages 7–10 (Sanders et al., 1999). The degradation of the middle layer is assumed to be responsible for the dissociation of the tapetum from the anther wall and avoids the direct influence of the endothecium on the tapetum (van der Linde and Walbot, 2019). However, we showed that the middle layer was not degraded until stage 11. By staining semithin sections, the cellulosic wall of the tapetum is degraded before the onset of meiosis (Matsuo et al., 2013). We observed the cell wall of the tapetum through CW staining in intact anthers. The signals of the tapetum cell wall were normally detected at stage 4 (Figure 3B). However, CW signals of the tapetum cell wall dramatically decreased at stage 5 (Figure 3B) and disappeared at stages 67 (Figures 1B,3B). This result was consistent with a previous investigation (Matsuo et al., 2013) that showed that the tapetum cell wall was degraded at stage 7. The degradation of the tapetum cell wall may lead to the isolation of this layer from the anther wall. Taken together, these studies provide fundamental information on anther development (Figure 4B), which is important for pollen formation and plant reproduction.



MATERIALS AND METHODS


Plant Materials and Growth Conditions

Plants were grown under long-day conditions (16 h light/8 h dark) in an ∼22°C growth room. Ecotype Col-0 was obtained from ABRC.



Plasmid Construction and Plant Transformation

For generation of Pro35S-GFP, ProTUA6-VENUS, ProTUB6-VENUS, ProGAPA-VENUS, and ProUBQ10-VENUS, the promoters of 35S, TUA6, TUB6, GAPA, and UBQ10 were fused with the P1300-VENUS plasmid by using the pEASY Uni-Seamless Cloning and Assembly Kit (Yao et al., 2018). For generation of ProUBQ10-H2B-VENUS, the genomic DNA of H2B was fused with the P1300-UBQ10-VENUS plasmid by using the same method as above. For generation of ProCYCB1;1-CYCB1;1-VENUS, the genome of CYCB1;1 was fused with the P1300-VENUS plasmid. For plant transformation, the plasmid was introduced into Agrobacterium strain GV3101 and transformed into plants by the floral dip method (Clough and Bent, 2010).



DAPI Staining

DAPI (4′,6-diamidino-2-phenylindole) solution was prepared as previously described (Scali and Tinti, 1992). Briefly, flowers without petals and calyxes were dissected and immersed in DAPI solution, vacuumed for 20 min and stained at 4°C in the dark for 48 h. After this treatment, the transparency was increased, and DAPI signals in intact anthers were visualizable.



CW Staining

ClearSee, a clearing agent, was prepared as previously described (Ursache et al., 2018). Briefly, flowers without petals and calyxes were dissected and treated with ClearSee solution for 7 days. The treated anthers were then stained with 2 mg/ml Calcofluor white (Fluorescent brightener 28) (Sigma, cat# 4404-43-7) in ClearSee for 6 h (Ursache et al., 2018). The anther was washed five times using ClearSee solution before analysis.



Confocal Microscopy

All fluorescence images were obtained with an Olympus FV3000 laser scanning microscope. For monitoring of VENUS signals, a 514 nm laser line was used for excitation, and a 525–570 nm bandpass filter was used for detection (Xue et al., 2020). For GFP fluorescence, a 488 nm laser was used for excitation, and a 498–532 nm bandpass filter was used for detection. For DAPI signals, we used 405 nm for excitation, and emission spectra were recorded in the range of 425–475 nm. For the CW signals, we used 405 nm for excitation, and emission spectra were recorded at 430–470 nm. For the cell division, cell number, and cell area analyses, we used z-stacks to identify the maximum light cross-sections of every intact anther. Then, ImageJ was used to analyze the cell area, aspect ratio, and cell number.
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Supplementary Figure 1 | Expression of the promoters of 35S, GAPA, and UBQ10 in leaf epidermis, mesophyll, and anther stage 4. The VENUS signals are colored green, and the chloroplasts are colored red. Ep: epidermis. Me: mesophyll. 35S: Pro35S: GFP. UBQ10: ProUBQ10: VENUS. GAPA: ProGAPA: VENUS. Scale bar = 10 μm.

Supplementary Figure 2 | Expression levels of several housekeeping genes in the anthers of young flowers. The expression data is obtained from TraVA (travadb.org).

Supplementary Figure 3 | Expression of ProTUA6 and ProTUB6 in leaf and anther. Expression of the promoters of TUA6 and TUB6 in leaf epidermis, mesophyll, and anther stages 4, 6, 7, 9, and 11. The VENUS signals are colored green, and the chloroplasts are colored red. Ep: epidermis. Me: mesophyll. TUA6: ProTUA6: VENUS. TUB6: ProTUB6: VENUS. Scale bar = 10 μm.

Supplementary Figure 4 | The relationship between flower size and anther stages during anther development. (A) The top row shows the images of buds from stage 4 to stage 11, and the bottom row shows the images of anthers from stage 4 to stage 11. Scale bars = 1 mm in the first row and 20 μm in the bottom row. (B) Statistical analysis of the anther area.

Supplementary Figure 5 | The identification of the maximum light cross-section of intact anthers in stage 7. (A) The LSCM anther analysis model for cell division, cell area, and cell morphology. A Z-stack was performed to identify the maximum light sections of the intact anther. (B) The z-stack of a stage 7 anther. The epidermis layer was artificially set as 0 μm. The step size for the z-stack was 8 μm. Arrows show the region with four anther wall layers in the maximum light sections of the intact anther. Cell number counting was performed in this region. Five cells in the middle of the anther wall were used for the cell area and aspect ratio analysis. The CW signals were colored green. Scale bar = 10 μm. (C) Statistical analysis of the anther locule area in light sections for the identification of the maximum light section. The maximum light section was further used for other analyses.



REFERENCES

Anastasiou, E., and Lenhard, M. (2007). Growing up to one’s standard. Curr. Opin. Plant Biol. 10, 63–69.

Andriankaja, M., Dhondt, S., De Bodt, S., Vanhaeren, H., Coppens, F., De Milde, L., et al. (2012). Exit from proliferation during leaf development in Arabidopsis thaliana: a not-so-gradual process. Dev. Cell 22, 64–78. doi: 10.1016/j.devcel.2011.11.011

Benfey, P. N., and Chua, N. H. (1990). The cauliflower mosaic virus 35S promoter: combinatorial regulation of transcription in plants. Science 250, 959–966. doi: 10.1126/science.250.4983.959

Chang, F., Wang, Y., Wang, S., and Ma, H. (2011). Molecular control of microsporogenesis in Arabidopsis. Curr. Opin. Plant Biol. 14, 66–73. doi: 10.1016/j.pbi.2010.11.001

Clough, S. J., and Bent, A. F. (2010). Floral dip: a simplified method for Agrobacterium-mediated transformation of Arabidopsis thaliana. Plant J. 16, 735–743. doi: 10.1046/j.1365-313x.1998.00343.x

Cui, Y., Hu, C., Zhu, Y., Cheng, K., Li, X., Wei, Z., et al. (2018). CIK receptor kinases determine cell fate specification during early anther development in Arabidopsis. Plant Cell 30, 2383–2401. doi: 10.1105/tpc.17.00586

De Veylder, L., Beeckman, T., and Inzé, D. (2007). The ins and outs of the plant cell cycle. Nat. Rev. Mol. Cell Biol. 8, 655–665. doi: 10.1038/nrm2227

Feng, X., and Dickinson, H. G. (2010). Tapetal cell fate, lineage and proliferation in the Arabidopsis anther. Development 137, 2409–2416. doi: 10.1242/dev.049320

Goldberg, R. B., Beals, T. P., and Sanders, P. M. (1993). Anther development: basic principles and practical applications. Plant Cell 5, 1217–1229. doi: 10.2307/3869775

Jacobowitz, J. R., Doyle, W. C., and Weng, J.-K. (2019). PRX9 and PRX40 are extensin peroxidases essential for maintaining tapetum and microspore cell wall integrity during Arabidopsis anther development. Plant Cell 31, 848–861. doi: 10.1105/tpc.18.00907

Kelliher, T., and Walbot, V. (2011). Emergence and patterning of the five cell types of the zea mays anther locule. Dev. Biol. 350, 32–49. doi: 10.1016/j.ydbio.2010.11.005

Kurihara, D., Mizuta, Y., Sato, Y., and Higashiyama, T. (2015). ClearSee: a rapid optical clearing reagent for whole-plant fluorescence imaging. Development 142, 4168–4179. doi: 10.1242/dev.127613

Matsuo, Y., Arimura, S., and Tsutsumi, N. (2013). Distribution of cellulosic wall in the anthers of Arabidopsis during microsporogenesis. Plant Cell Rep. 32, 1743–1750. doi: 10.1007/s00299-013-1487-1

Mizuno, S., Osakabe, Y., Maruyama, K., Ito, T., Osakabe, K., Sato, T., et al. (2007). Receptor-like protein kinase 2 (RPK 2) is a novel factor controlling anther development in Arabidopsis thaliana. Plant J. Cell Mol. Biol. 50, 751–766. doi: 10.1111/j.1365-313x.2007.03083.x

Owen, H. A., and Makaroff, C. A. (1995). Ultrastructure of microsporogenesis and microgametogenesis in Arabidopsis thaliana (L.) heynh. ecotype wassilewskija (Brassicaceae). Protoplasma 185, 7–21. doi: 10.1007/bf01272749

Quilichini, T. D., Douglas, C. J., and Samuels, A. L. (2014). New views of tapetum ultrastructure and pollen exine development in Arabidopsis thaliana. Ann. Bot. 114, 1189–1201. doi: 10.1093/aob/mcu042

Raghavan, V. (1988). Anther and pollen development in rice (Oryza sativa). Am. J. Bot. 75, 183–196. doi: 10.1002/j.1537-2197.1988.tb13430.x

Sanders, P. M., Bui, A. Q., Weterings, K., Mcintire, K. N., Hsu, Y. C., Pei, Y. L., et al. (1999). Anther developmental defects in Arabidopsis thaliana male-sterile mutants. Sex Plant Reprod. 11, 297–322. doi: 10.1007/s004970050158

Sappl, P. G., and Heisler, M. G. (2013). Live-imaging of plant development: latest approaches. Curr. Opin. Plant Biol. 16, 33–40. doi: 10.1016/j.pbi.2012.10.006

Scali, V., and Tinti, F. (1992). Rapid assessment of maturation stage and reproductive mode in centrolecytic eggs of stick insects (Phasmatodea) using DAPI stain. Biotechnic Histochem. 67, 356–359. doi: 10.3109/10520299209110049

Sheridan, W. F., Golubeva, E. A., Abrhamova, L. I., and Golubovskaya, I. N. (1999). The mac1 mutation alters the developmental fate of the hypodermal cells and their cellular progeny in the maize anther. Genetics 153, 933–941.

Steiner-Lange, S., Unte, U. S., Eckstein, L., Yang, C., Wilson, Z. A., Schmelzer, E., et al. (2003). Disruption of Arabidopsis thaliana MYB26 results in male sterility due to non-dehiscent anthers. Plant J. 34, 519–528. doi: 10.1046/j.1365-313x.2003.01745.x

Tester, M., and Langridge, P. (2010). Breeding technologies to increase crop production in a changing world. Science 327, 818–822. doi: 10.1126/science.1183700

Truernit, E., Bauby, H., Dubreucq, B., Grandjean, O., Runions, J., Barthelemy, J., et al. (2008). High-resolution whole-mount imaging of three-dimensional tissue organization and gene expression enables the study of Phloem development and structure in Arabidopsis. Plant Cell 20, 1494–1503. doi: 10.1105/tpc.107.056069

Ursache, R., Andersen, T. G., Marhavy, P., and Geldner, N. (2018). A protocol for combining fluorescent proteins with histological stains for diverse cell wall components. Plant J. 93, 399–412. doi: 10.1111/tpj.13784

van der Linde, K., and Walbot, V. (2019). Pre-meiotic anther development. Curr. Top. Dev. Biol. 131, 239–256. doi: 10.1016/bs.ctdb.2018.11.001

Walbot, V., and Egger, R. L. (2016). Pre-meiotic anther development: cell fate specification and differentiation. Annu. Rev. Plant Biol. 67, 365–395. doi: 10.1146/annurev-arplant-043015-111804

Xu, X. F., Wang, B., Feng, Y. F., Xue, J. S., Qian, X. X., Liu, S. Q., et al. (2019). Auxin response factor17 directly regulates MYB108 for anther dehiscence. Plant Physiol. 181, 645–655. doi: 10.1104/pp.19.00576

Xue, J.-S., Zhang, B., Zhan, H., Lv, Y.-L., Jia, X.-L., Wang, T., et al. (2020). Phenylpropanoid derivatives are essential components of sporopollenin in vascular plants. Mol. Plant 13, 1644–1653. doi: 10.1016/j.molp.2020.08.005

Xue, J., Luo, D., Xu, D., Zeng, M., Cui, X., Li, L., et al. (2015). CCR1, an enzyme required for lignin biosynthesis in Arabidopsis, mediates cell proliferation exit for leaf development. Plant J. 83, 375–387. doi: 10.1111/tpj.12902

Yamamoto, M., Uji, S., Sugiyama, T., Sakamoto, T., Kimura, S., Endo, T., et al. (2020). ERdj3B-mediated quality control maintains anther development at high temperatures. Plant Physiol. 182, 1979–1990. doi: 10.1104/pp.19.01356

Yang, C., Song, J., Ferguson, A. C., Klisch, D., Simpson, K., Mo, R., et al. (2017). Transcription factor MYB26 is key to spatial specificity in anther secondary thickening formation. Plant Physiol. 175, 333–350. doi: 10.1104/pp.17.00719

Yang, C., Xu, Z., Song, J., Conner, K., Vizcay Barrena, G., and Wilson, Z. A. (2007). Arabidopsis MYB26/MALE STERILE35 regulates secondary thickening in the endothecium and is essential for anther dehiscence. Plant Cell 19, 534–548. doi: 10.1105/tpc.106.046391

Yao, X., Yang, H., Zhu, Y., Xue, J., Wang, T., Song, T., et al. (2018). The canonical E2Fs are required for germline development in Arabidopsis. Front. Plant Sci. 9:638.

Zhao, D. (2009). Control of anther cell differentiation: a teamwork of receptor-like kinases. Sex Plant Reprod. 22, 221–228. doi: 10.1007/s00497-009-0106-3

Zhao, D. Z., Wang, G. F., Speal, B., and Ma, H. (2002). The EXCESS MICROSPOROCYTES1 gene encodes a putative leucine-rich repeat receptor protein kinase that controls somatic and reproductive cell fates in the Arabidopsis anther. Genes Dev. 16, 2021–2031. doi: 10.1101/gad.997902

Zhu, J., Lou, Y., Xu, X., and Yang, Z. N. (2011). A genetic pathway for tapetum development and function in Arabidopsis. J. Integr. Plant Biol. 53, 892–900. doi: 10.1111/j.1744-7909.2011.01078.x


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Xue, Yao, Xu, Sui, Jia, Hu, Lv, Feng, Peng, Shen, Yang, Lou and Yang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Development of the Middle Layer in the Anther of Arabidopsis



		INTRODUCTION



		RESULTS



		The Promoter of POLYUBIQUITIN 10 Drives the Expression of Fluorescent Proteins in Cells of All Anther Layers



		The Establishment of Live Imaging Methods in Intact Anthers



		The Middle Layer Is Derived From Both Inner Secondary Parietal (ISP) and Outer Secondary Parietal (OSP) Cells in the Anther



		The Cell Division and Expansion of the Middle Layer



		The Degradation of the Middle Layer Started at Stage 10







		DISCUSSION



		MATERIALS AND METHODS



		Plant Materials and Growth Conditions



		Plasmid Construction and Plant Transformation



		DAPI Staining



		CW Staining



		Confocal Microscopy







		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/cover.jpg
frontiers
in Plant Science

Development of the Middle
Layer in the Anther
of Arabidopsis









OPS/images/fpls-12-634114-g002.jpg
stage3

stage4
divided

stage5

stage4
dividing

/ISP

ISP
and
OSP

1.41%

14.08%

= ISP
= OSP
# ISP and OSP

84.51%





OPS/images/fpls-12-634114-g001.jpg
stage6 stage7 stage9 stage11
: —--— “ — ’; — _:

4 —epidermis
—endotecium

«~middle layer

“~tapetum

epidermjs
““endotecium

. —middle layer
«—tapetum

& —epidermis
«—endotecium
«~middle layer
“—tapetum





OPS/images/logo.jpg
' frontiers
in Plant Science





OPS/images/fpls-12-634114-g004.jpg
stage10 stage11 stage10 stage11

A
DAPI

stage3 stage4 stage5 stage6 -Ep






OPS/images/fpls-12-634114-g003.jpg
A stage5 stage6 stage7 stage10 stage11
=« =

B
staged stage5 stage6 stage8 stage10 stage11

il i e o TR vy WAL

Y
o

Cell area

Cell number
Aspect ratio
N
o

(=]






