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Abstract 16	

 The plant cell wall surrounds and protects cells. To divide, plant cells must synthesize a new cell 17	
wall to separate the two daughter cells. The cell plate is a transient polysaccharide-based compartment that 18	
grows between daughter cells and gives rise to the new cell wall. Cellulose constitutes a key component of 19	

the cell wall, and mutants with defects in cellulose synthesis commonly share phenotypes with cytokinesis-20	
defective mutants. However, despite the importance of cellulose in the cell plate and the daughter cell wall, 21	
many open questions remain regarding the timing and regulation of cellulose synthesis during cell division. 22	
These questions represent a critical gap in our knowledge of cell plate assembly, cell division, and growth. 23	

Here, we review what is known about cellulose synthesis at the cell plate and in the newly-formed cross-24	
wall and pose key questions about the molecular mechanisms that govern these processes. We further 25	
provide an outlook discussing outstanding questions and possible future directions for this field of research. 26	
 27	

The plant cell wall 28	
The cell wall is a specialized region outside the plasma membrane that surrounds and defines plant 29	

cell shape. As such, it plays a vital role for plants to resist turgor pressure and to maintain cell shape. The 30	

cell wall is comprised of a number of different polysaccharides. One of the most prominent components of 31	

the growing, primary cell wall is cellulose (reviewed by McFarlane et al., 2014). Cellulose is comprised of 32	
linear chains of β-(1,4)-linked glucose. Bundling of these glucan fibers via hydrogen-bonds between chains 33	

enables formation of thick microfibrils, which provide the strength of cellulose. In the growing primary cell 34	
wall of dicots, such as the model plant Arabidopsis thaliana (Arabidopsis), cellulose is embedded in a 35	

network of polysaccharides, including pectins and hemicelluloses, in addition to other macromolecules 36	

(Zablackis et al 1995). In specific cases, including the cell plate, the cell wall may also contain callose 37	
comprising a β-(1,3)-linked glucan (reviewed by Chen & Kim, 2009). While many cell wall components 38	

including pectins and hemicelluloses are made inside the Golgi apparatus and transported to the cell wall 39	
via vesicle trafficking, cellulose and callose synthesis occur at the plasma membrane. 40	
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In order to divide, plant cells must synthesize a new cell wall between the two future daughter cells. 41	

The transient structure that grows between daughter nuclei is called the cell plate. Initially, it is enriched in 42	

pectins, hemicelluloses, and callose (Northcote et al 1989), but it subsequently accumulates substantial 43	
amounts of cellulose as it matures into a new cell wall (Samuels et al 1995; reviewed by Drakakaki, 2015). 44	

Disruption of either callose or cellulose synthesis often results in cytokinesis-defective phenotypes 45	

including disorganized root cell files, multinucleate cells, and wall “stubs” which result from incomplete 46	
cell plate assembly or expansion (Beeckman et al 2002; Fagard et al 2000; Chen et al., 2009; Thiele et al., 47	

2009; Guseman et al., 2010; Park et al 2014). Despite the requirement for cellulose synthesis for successful 48	

cytokinesis, many questions remain about cellulose synthesis in the cell plate and the new cell wall. For 49	
example, it remains unclear when cellulose synthesis begins during cell plate assembly, how cellulose 50	

synthesizing enzymes are targeted to the cell plate, and how the new cross-wall is integrated into the 51	
parental cell walls. Here, we review the evidence addressing each of these questions and highlight several 52	
topics for future investigation. 53	

 54	
Cellulose synthesis 55	

Many cellular components are involved in the production and organization of cellulose microfibrils 56	
(reviewed by McFarlane et al., 2014). Among those, the most widely studied are the large cellulose synthase 57	

complexes (CSCs) and their key components, the CELLULOSE SYNTHASE A (CESAs) enzymes. The 58	
CSC is composed of several CESAs arranged in a rosette-like structure. CESAs can be categorized into two 59	
groups according to their function during different stages of cell wall formation. One group is involved in 60	
synthesis of primary cell walls of growing cells and includes CESA1, 2, 3, 5, 6, and 9 in Arabidopsis. 61	

CESA4, 7 and 8 join the construction process of the secondary cell wall, which is deposited to reinforce 62	
specialized cell types (reviewed by Schneider et al 2016). The CESAs are synthesized in the endoplasmic 63	
reticulum (ER) and assembled into CSC in the ER or Golgi apparatus. The rosette-like CSC is subsequently 64	

secreted to the plasma membrane via vesicles and produces cellulose with the assistance of other proteins 65	

(Gutierrez et al 2009; Crowell et al 2009). Fluorescent protein fusions to various CESAs have demonstrated 66	
that they localize to the plasma membrane and to subcellular compartments, including the Golgi apparatus 67	

and smaller compartments, called Small CESA-containing compartments (SmaCCs) (Gutierrez et al 2009). 68	
At the plasma membrane, fluorescently-tagged CESAs move in linear trajectories (Paredez et al 2006), 69	

presumably driven by the polymerization of glucose into the growing cellulose chains (Morgan et al 2013). 70	

These trajectories coalign with cortical microtubules, which help to guide the ordered deposition of 71	
cellulose into the cell wall (Paredez et al 2006). 72	

 Although a number of proteins have been implicated in CSC formation, trafficking, localization, 73	
or regulation (reviewed by McFarlane et al 2014; Jones et al 2016; Schneider et al 2016), few of these have 74	
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been investigated in the context of cell plate assembly. Several proteins have been found to interact with 75	

microtubules and influence CSC localization and dynamics, including POM-POM2/CELLULOSE 76	

SYNTHASE INTERACTING 1 (POM2/CSI1), COMPANION OF CELLULOSE SYNTHASE 1 and 2 77	
(CC1 and CC2), as well as CELLULOSE-MICROTUBULE UNCOUPLING PROTEIN 1 and 2 (CMU1 78	

and CMU2) (Gu et al 2010; Bringmann et al 2012; Endler et al 2015; Liu et al 2016). These proteins 79	

presumably guide the direction of CESA movement at the plasma membrane to synthesize cellulose in an 80	
ordered array. Interestingly, CMU1 was localized at the cell cortex and particularly enriched at the cell 81	

plate during cell division (Liu et al 2016), but its role at the cell plate has not yet been studied in detail. 82	

 83	
Cell plate assembly 84	

 The cell plate is a specialized structure that is formed during cell division. The cell plate functions 85	
to separate daughter nuclei after anaphase and subsequently establishes the new primary cell wall between 86	
these daughter cells. The mechanisms of cell division, microtubule reorganization, division plane 87	

orientation, and polysaccharide and protein composition of the developing cell plate have been reviewed in 88	
detail elsewhere (Smith, 2001; Jürgens, 2005; Rasmussen et al 2013; McMichael & Bednarek, 2013; Boruc 89	
& Van Damme 2015; Drakakaki, 2015; Smertenko et al 2017). Detailed studies of cell plate assembly at 90	
the level of light microscopy (Rybak et al 2014; van Oostende-Triplet et al 2017) and transmission electron 91	

microscopy (TEM; Samuels et al., 1995; Segui-Simarro et al 2004) have classified cell plate assembly into 92	
four stages, based on its appearance, associated proteins, and polysaccharide components (Figure 1). 93	

Before mitosis begins in plant cells, the preprophase band forms at the cell cortex, consisting of a 94	
specialized cortical microtubule array, as well as actin and other components. Although the exact molecular 95	

mechanism of preprophase band function remains to be elucidated, this preprophase band microtubule array 96	
predicts the orientation of the cell division plane and eventually the location of the new cross-wall, thereby 97	
controlling the robustness of cell division plane orientation (Schaefer et al 2017). During late anaphase, 98	

preparations for cell plate assembly begin: Golgi stacks and vesicles derived from Golgi gather in the 99	

equatorial plane and a specialized array of microtubules, called the phragmoplast, begins to form at the 100	
centre of the cell (reviewed by Wasteneys 2002, Smertenko et al 2017). 101	

Stage I of cell plate assembly begins in early telophase when vesicles start to fuse at the equatorial 102	
plane. During this time, the phragmoplast is a dense disk-like array of microtubules and there is little or no 103	

lateral cell plate expansion (Murata et al 2013; van Oostende-Triplet et al 2017). Many proteins that are 104	

typically localized to the Golgi apparatus, the trans-Golgi network, and post-Golgi vesicles are enriched at 105	
the cell plate at this time (Rybak et al 2014). 106	

During stage II, vesicles continue to fuse, forming a tubulovesicular network (TVN) between 107	
adjacent vesicles that is visible via TEM (Samuels et al 1995). This comprises the stage of primary 108	
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centrifugal cell plate expansion, during which the rate of expansion is fast compared to other phases (van 109	

Oostende-Triplet et al 2017). As the cell plate expands, phragmoplast microtubules preferentially 110	

depolymerize in the centre and repolymerize at the edges, resulting in phragmoplast transition from a solid 111	
disk-like structure to a ring-like structure (Steiner et al 2016; Segui-Simarro et al 2004). 112	

By stage III of cell plate assembly, the cell cycle has progressed into early- or mid-telophase. At 113	

the TEM level, the forming cell plate resembles a tubular network (TN) (Samuels et al, 1995) and the 114	
protein makeup begins to resemble the parental plasma membrane (Rybak et al 2014). Phragmoplast 115	

microtubules continue to reorganize to form a ring at the expanding edges of the cell plate (Steiner et al 116	

2016), while the centrifugal expansion of the cell plate substantially slows compared to the previous stage 117	
(van Oostende-Triplet et al 2017). 118	

Stage IV of cell plate assembly corresponds to late telophase. By this stage, the cell plate is 119	
characterized by the planar fenestrated sheet (PFS) stage in TEM observations, since most of the tubular 120	
network has expanded, leaving only small holes in the cell plate (Samuels et al 1995). The expansion of the 121	

cell plate and the speed of vesicle supply remain relatively slow (van Oostende-Triplet et al 2017), and the 122	
phragmoplast expands to meet the cell plate fusion site at the parental cell wall (Steiner et al 2016). 123	

Because cell plate assembly is a continuous process and the developing cell plate initially extends 124	
from the centre of the cell, these four morphological stages can occur simultaneously within a single cell, 125	

with the edges of the cell plate representing earlier stages than its centre (Segui-Simarro et al 2004; Figure 126	
1). The end point of cell plate assembly is reached when the cell plate contacts and integrates into the 127	
parental cell wall, at which point the cell plate matures into a primary cell wall (i.e. the newly-formed cross-128	
wall), separating the two daughter cells. These detailed morphological descriptions of cell plate formation 129	

have raised key questions about when and how cellulose is integrated into the cell plate. Because cellulose 130	
is a critical component of the primary cell wall, these questions represent a critical gap in our knowledge 131	
of cell plate assembly, plant cell division, and plant growth. 132	

 133	

When is cellulose made during cell plate assembly? 134	
Using tobacco BY2 cells and immuno-transmission electron microscopy employing 135	

cellobiohydrolase I-conjugated gold as a cellulose-binding probe, Samuels et al (1995) observed cellulose 136	
first in the tubular network at stage III of cell plate assembly, and suggested that the cellulose amount of in 137	

the cell plate and parental cell wall reached similar levels only once the new cell wall had joined the parental 138	

cell walls to become a new cross-wall. However, using Pontamine Fast Scarlet 4B (S4B) fluorescent dye, 139	
which labels cellulose and some hemicelluloses (Anderson et al 2010), Miart et al. (2014) detected S4B 140	

labelling as well as several GFP-tagged cellulose synthase proteins in stage II of cell plate assembly in 141	
Arabidopsis roots (S4B, Miart et al., 2014). While these different observations about the presence of 142	
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cellulose during cell plate maturation may be the result of different materials and techniques, it may also 143	

reflect the difference between enzyme and product; although Miart et al (2014) detected CESAs as early as 144	

stage II of cell plate assembly, Samuels et al (1995) were only able to detect cellulose in the cell plate above 145	
background labelling by stage III. Furthermore, it can be difficult to unambiguously assign cell plate stages 146	

at the light microscopy level (Drakakaki 2015; Smertenko et al 2017), since the leading edges of the cell 147	

plate often remain at a more immature stage compared to the centre of the plate (Samuels et al 1995). 148	
Interestingly, some CELLULOSE SYNTHASE LIKE D (CSLD) family members, which share 149	

high sequence similarity with CESAs, also contribute to the cell plate expansion since several csld mutants 150	

displayed cell plate defects (Gu et al 2016). Domain-swap experiments between CSLD and CESA proteins 151	
have demonstrated that a chimeric CSLD3 protein with the catalytic domain of CESA6 is capable of 152	

rescuing root hair growth phenotypes of csld3 mutants, implying that CSLDs also make cellulose or a 153	
cellulose-like product (Park et al 2011). However, other reports have implicated CSLDs in mannan 154	
synthesis, since heterologous overexpression of Arabidopsis CSLD2, 3, or 5 in tobacco resulted in increased 155	

consumption of substrates for mannan synthesis, but not of substrates for cellulose synthesis (Yin et al 156	
2011). Compared to other CSLDs, CSLD5 is most highly expressed during cell division and its expression 157	
strongly correlated with cell plate assembly (Gu et al 2016). Furthermore, CSLD5 directly interacted with 158	
Cell Cycle Switch Protein A2 (CCS52A2) (Gu et al 2016), a protein involved in cell cycle regulation and 159	

expressed in late M and in G1 phase (Fulop et al., 2005), revealing a possible mechanism for the cell plate-160	
specific role of CSLD5 in cytokinesis. Fluorescently-tagged CSLD5 co-localized with newly forming cell 161	
plates, fluorescence intensity of CSLD5 during cell plate assembly and expansion was stronger than that of 162	
fluorescently tagged CESA3, and CSLD5 was recruited to the cell plate at earlier stages than GFP-CESA3 163	

(Gu et al 2016). Therefore, the authors implied that CSDL5 might produce a polysaccharide scaffold that 164	
could later be used for cellulose synthesis by the CESAs. This scenario aligns with a hypothesis put forward 165	
from studies of root hairs, in which CSLD3 is localized only to the young root hair tip, while CESAs have 166	

higher expression in the more mature shank of the root hair (Park et al 2011). In this way, it may be possible 167	

that products synthesized by CSLD5 precede cellulose synthesis at the cell plate, and some of the S4B 168	
product observed at the TVN stage by Miart et al (2014) might be the product of CSLD5, rather than that 169	

of the CESAs since S4B is not strictly specific for cellulose (Anderson et al 2010).  170	
Another interesting question is whether cell plate-localized CSCs are expected to undergo typical 171	

behaviour of plasma membrane localized CSCs. During cellulose synthesis in interphase cells, CSCs move 172	

in linear arrays that follow cortical microtubules (Paredez et al 2006). The current model of cellulose 173	
synthesis suggests that cellulose becomes entangled in the cell wall as it is synthesized, therefore the CSC 174	

must move to allow polymerization of each additional glucose molecule (reviewed by McFarlane et al 175	
2014). Scanning electron microscopy (SEM) observations of extracted cellulose from developing cell plates 176	
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have revealed sparse, disorganized cellulose networks, even when the cell plate has matured into a new 177	

cross-wall and become attached to the parental cell wall (Fujita & Wasteneys, 2014). Therefore, it remains 178	

an open question as to whether the cell wall material within expanding cell plates would be sufficiently 179	
dense to entangle newly synthesized cellulose microfibrils and to provide the necessary resistance for CSC 180	

movement. Live cell imaging studies of CSCs at the cell plate may resolve this question, but these 181	

experiments will require higher resolution techniques than those employed previously (Miart et al 2014). 182	
 183	

How are cellulose synthesizing enzymes targeted to the cell pate? 184	

CESAs are specifically enriched at the cell plate during the final stages of cell plate assembly and 185	
expansion. The fluorescent intensity of GFP-CESA signal at stage VI cell plates was substantially higher 186	

than in the parental cell walls (Miart et al 2014) and transmission immuno-electron microscopy with 187	
antibodies against GFP-CESA3 has corroborated this observation (Zhang et al 2016). These results imply 188	
that CESAs must be carefully targeted to the cell plate in a highly spatiotemporally regulated fashion. In 189	

interphase cells, CSC delivery to the plasma membrane has been documented to occur via vesicles/SmaCCs 190	
and occasionally via close associations between Golgi stacks and the plasma membrane (Gutierrez et al 191	
2009; Crowell et al 2009; Sampathkumar et al 2013). Using detailed analysis of time-lapse images of GFP-192	
CESA1, CSC delivery to the cell plate was observed to co-occur with pausing of subcellular compartments 193	

at the cell plate (Miart et al 2014). However, the resolution of these live cell imaging experiments did not 194	
allow determination of whether the observed structures were vesicles, SmaCCs, or Golgi stacks. Time-lapse 195	
monitoring of changes in GFP-CESA1 signal intensity implied that CSCs may migrate from the parental 196	
cell wall into the daughter cell wall once the cell plate has matured into a new cross-wall by joining with 197	

the parental cell wall (Miart et al 2014). 198	
Endocytosis of proteins from the parental plasma membrane and recycling to the developing cell 199	

plate has been hypothesized to be involved in the delivery of some proteins to the cell plate (Boutté et al 200	

2010; Richter et al 2014). Dissecting this possibility is complicated by the intersection of secretory and 201	

endocytic trafficking at the trans-Golgi network in plants (Dettmer et al. 2006; Viotti et al 2010). Detailed 202	
analysis of the cytokinesis-specific KNOLLE syntaxin at the light and electron microscopy levels found 203	

newly synthesized KNOLLE protein at high levels at the Golgi apparatus and at the trans-Golgi network 204	
during cell plate assembly, and only detected KNOLLE in strictly endocytic compartments after cell plate 205	

assembly was complete (Reichardt et al 2007). While these results imply that endocytosis and recycling of 206	

the KNOLLE protein is not a major mechanism for its localization to the cell plate, they do not exclude the 207	
possibility that KNOLLE recycling is rapid and therefore not reflected in steady-state observations of 208	

fluorescent proteins. Indeed, pharmacological or genetic disruption of clathrin mediated endocytosis 209	
resulted in a relative increase in KNOLLE signal at the parental cell plasma membrane, implying that 210	
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endocytosis and recycling to the cell plate may be involved in maintaining KNOLLE localization to the cell 211	

plate (Boutté et al 2010). In another study, Richter et al (2014) used a plasma membrane-localized syntaxin 212	

that was only expressed in interphase cells and a combination of genetic and chemical inhibition of 213	
trafficking, to demonstrate that the plasma membrane marker can still reach the developing cell plate. Thus, 214	

even in the absence of new synthesis of this plasma membrane marker, it was still re-localized to the cell 215	

plate, implying that this syntaxin must be endocytosed and retargeted. Taking the results from these two 216	
different proteins together, it is unclear to what degree endocytosis and recycling contribute to the 217	

progression of cell plate assembly, and thus also how these processes affect the levels of CESAs at the cell 218	

plate. 219	
Both the actin and microtubule cytoskeleton have been implicated in the delivery of CESAs to the 220	

plasma membrane (Gutierrez et al 2009; Sampathkumar et al 2013). While microtubule disruption has 221	
strong effects on cell plate initiation, expansion, and maturation, actin disruption seems only to affect the 222	
stages of cell plate initiation and maturation (van Oostende-Triplet et al 2017). Since cellulose synthesis at 223	

the cell plate seems to begin before the maturation stage, this implies that CSCs reach the cell plate in either 224	
a microtubule-dependent fashion, or by a mechanism entirely independent of the cytoskeleton. 225	
Interestingly, the cortical microtubule array, which plays a role in maintaining ordered cellulose synthesis 226	
in interphase cells, is not fully established at the growing cell plate until it has matured into a primary cell 227	

wall (Wasteneys 2002). This suggests that either cellulose is not formed in an ordered array in the cell plate, 228	
or that it is temporarily able to do so without the guidance of microtubules. Interestingly, of the several 229	
proteins that have been found to influence CSC movement in the plasma membrane and to interact with 230	
microtubules, including POM2/CSI1, CMU1 and CMU2, as well as CC1 and CC2 (Gu et al 2010; Liu et al 231	

2016; Endler et al 2015), only CMU1 has been implicated in cell plate assembly (Liu et al 2016). A 232	
functional fluorescent protein fusion to CMU1 was usually observed in association with cortical 233	
microtubules in growing hypocotyl interphase cells; conversely, during cell plate assembly, CMU1-GFP 234	

was particularly enriched at the cell plate but not at phragmoplast microtubules in dividing root cells (Liu 235	

et al 2016), suggesting it may play an important role there. However, a potential function of CMU1 at the 236	
cell plate requires further investigation. 237	

A number of vesicle targeting and fusion components have been specifically implicated in cell plate 238	
assembly, and these may participate in targeting CESAs to the growing cell plate (reviewed by Thellmann 239	

et al 2010). Specifically, components of the exocyst complex play a key role in the later stages of cell plate 240	

assembly, including the slow expansion during phase III and the final maturation stage IV (Fendrych et al 241	
2010, Rybak et al 2014). Since these are the stages during which CESAs become enriched at the expanding 242	

cell plate and cellulose epitopes can be detected, it is possible that these membrane tethering proteins may 243	
play an important role in delivering CSCs to the growing cell plate. Little is known about the precise 244	
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molecular mechanisms governing delivery of CSCs to the plasma membrane in interphase or dividing cells. 245	

However, isolation and proteomic characterization of trans-Golgi network compartments marked by the 246	

SNARE, SYP61, discovered CESAs in this compartment along with other plasma-membrane localized 247	
proteins that have been studied in more detail (Drakakaki et al 2012). For example, PENETRATION3 248	

(PEN3), a cell plate and outer plasma membrane domain localized transporter, was also detected in the 249	

SYP61 proteomics (Drakakaki et al 2012) and detailed studies of its subcellular localization have implicated 250	
actin-mediated post-Golgi trafficking and the exocyst complex in its localization to the plasma membrane 251	

(Mao et al 2016). These results open the possibility that post-Golgi trafficking and plasma membrane or 252	

cell plate localization of CESAs may rely on similar molecular mechanisms. 253	
Strikingly, a screen for chemical inhibitors revealed a small molecule inhibitor of CSC trafficking 254	

to the plasma membrane without broad effects on endomembrane organization or function (Worden et al 255	
2015). This molecule, CESTRIN, and other cellulose trafficking inhibitors (Tateno et al 2016), may be 256	
helpful in dissecting CSC trafficking to the cell plate. Further studies, possibly employing a combination 257	

of inhibitors and exocyst complex mutants and markers, will be required to unravel the mechanisms of CSC 258	
transport to the cell plate. 259	
 260	
How is the new cross-wall integrated into parental cell walls? 261	

 Once the cell plate has matured and fused to the parental cell wall to form a new cross-wall, it must 262	
be thoroughly integrated into the cell wall superstructure. It is well known that the preprophase band marks 263	
the site of cell plate connection to the parental cell wall (i.e. the cortical division zone) before mitosis 264	
begins. A number of studies have uncovered key components of the molecular mechanisms that target the 265	

preprophase band to specific regions of the cell cortex (reviewed by Louveaux and Hamant, 2013; 266	
Rasmussen et al 2013; Shao & Dong, 2016), but questions remain regarding how the cell plate later finds 267	
these regions. Without proper targeting of the cell plate or integration of the newly-formed cross-wall into 268	

the parental cell walls, the mechanical integrity of the plant would be compromised. Ultimately, cellulose 269	

must encircle the new daughter cell to generate a reinforced cell wall that is capable of resisting turgor 270	
pressure. 271	

 Monitoring GFP-CESA1 signal intensity using time-lapse imaging demonstrated that foci of high 272	
relative intensity (presumably CSCs) can be tracked moving from the parental cell wall into the cell plate 273	

as it is becoming attached to the parental wall (Miart et al 2014). These results imply that CSCs can move 274	

from the parental cell wall into the newly-formed cross wall. Since CSC movement is presumably driven 275	
by cellulose polymerization (Morgan et al 2013), this may provide one important mechanism by which the 276	

daughter cell wall can be integrated into the cell wall superstructure. Indeed, cellulose microfibrils that are 277	
continuous between parent and daughter cells have been observed by SEM (Fujita & Wasteneys, 2014). 278	
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Similarly, it is likely that CSCs can also migrate from the mature cell plate into the parental cell wall, 279	

providing two ways to synthesize cellulose microfibrils that are continuous between the mature cell plate 280	

and the parental cell wall. However, experimental evidence in support of this hypothesis is currently 281	
lacking. 282	

 In interphase cells, integration of cellulose into ordered arrays is partly dependent on both 283	

interactions between CSCs and microtubules and on an ordered cortical microtubule array, especially when 284	
CSC trajectories must be rapidly reorganized during growth (Gutierrez et al 2009; Gu et al 2010; Bringmann 285	

et al 2012). Although newly formed cross-walls displayed a disorganized cellulose array in cryo-planed 286	

tissues observed by SEM, cellulose was highly organized in more mature cell walls (Fujita & Wasteneys, 287	
2014). Establishing ordered synthesis of cellulose that spans the daughter and parental cell wall presumably 288	

relies on a cortical microtubule array that does the same. The microtubule-associated protein CLASP has 289	
been implicated in cell division. Based on its localization and mutant phenotypes, it is involved in all three 290	
cell division-related microtubule arrays: the preprophase band, the mitotic spindle, and the phragmoplast 291	

(Ambrose et al 2007; Pietra et al 2013). Through detailed localization studies and computational 292	
simulations, CLASP has also been implicated in mediating microtubule array establishment around tight 293	
corners of the cell, such as the junction between the newly-formed cross-wall and the parental cell wall 294	
(Ambrose et al 2013). Together, the cell division phenotypes of clasp mutants and the potential for CLASP 295	

to mediate cortical microtubule array formation to bridge the daughter and parent cell imply that CLASP 296	
may play a key role in establishing ordered cellulose synthesis to integrate the daughter and parental cell 297	
walls. Interestingly, another mutant with cell plate orientation defects, sabre, genetically interacts with 298	
clasp mutants and shares similar microtubule organization phenotypes (Pietra et al 2013). Although the 299	

molecular function of SABRE remains unknown, it is enriched at the plasma membrane and cell plate, 300	
where it could play a similar role in establishing ordered cellulose synthesis between parent and daughter 301	
cells. 302	

 303	

Future directions 304	
Despite the excellent work that has been reviewed here, a number of questions remain regarding 305	

when and how celluose synthesis is regulated at the developing cell plate. New technological developments 306	
have the potential to address these questions, especially when combined with the existing toolbox of 307	

cytokinesis-defective mutants and cell plate specific protein markers (reviewed by Smertenko et al 2017). 308	

While the molecular mechanisms governing CSC targeting to the plasma membrane in interphase 309	
cells remain to be elucidated, questions also remain regarding CSC targeting to the cell plate. Proteomic 310	

studies of tissues with a high mitotic index have revealed insights into mechanisms of cell plate expansion 311	
and maturation (Rybak et al 2014). Higher resolution proteomic (or phosphoproteomic; Jones et al 2016) 312	
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analyses of different cell division stages may provide further insights into the protein composition and 313	

regulation of cell plate assembly. In particular, proteomic/phosphoproteomic analysis of synchronized cell 314	

cultures at the stages when CSC targeting to the cell plate and cellulose synthesis at the cell plate are at a 315	
maximum might provide clues to how CSCs are targeted to the cell plate and perhaps also to identify CESA 316	

accessory proteins. Combining these approaches with CESAs tagged with photoactivatable or 317	

photoswitchable fluorescent markers (Kowalik & Chen, 2017) could potentially test how CSCs are 318	
delivered to the cell plate and how often they migrate between the new daughter cell wall and the parental 319	

cell wall. Perhaps such analyses can also be done in combination with small molecule inhibitors, such as 320	

CESTRIN (Worden et al 2015). 321	
Although it is clear that CSLDs play an important role in cell plate assembly (Gu et al 2016), it 322	

remains unclear what role they play at the cell plate and whether they make a cellulose-like product there. 323	
Domain swap experiments between CSLD5 and the CESAs to rescue the cell plate phenotypes of csld5 324	
mutants, similar to the experiments performed for CSLD3 in root hairs (Park et al 2011), may provide 325	

insight into whether CSLD5 can make a cellulose-like product at the cell plate. If the CSLDs do make a 326	
cellulose-like product at the cell plate, it will be interesting to determine how their action is coordinated 327	
with the CESAs. Colocalization studies have already determined that CSLD5 preceeds CESA3 at the cell 328	
plate (Gu et al 2016), but their precise relationship there remains to be determined. Correlative light and 329	

electron microscopy (CLEM) approaches combine the high temporal resolution from light microscopy with 330	
the excellent spatial resolution of electron microscopy (van Rijnsoever et al 2008). CLEM studies of cell 331	
plate assembly will help to bridge data across these two scales to reconcile discrepancies between the 332	
detailed electron microscopy studies of cell plate assembly stages and the mechanistic, dynamic studies of 333	

cell plate assembly at the light microscopy level. Rapid fixation of cells via cryofixation and observation 334	
via CLEM can allow direct comparison of rare and rapid events, such as vesicle trafficking during cell plate 335	
assembly in complex tissues. For example, CLEM approaches could be used to determine the level of co-336	

occurrence of CESAs and CSLDs at the developing cell plate. 337	

Finally, because the matrix of the developing cell plate is substantially different from interphase 338	
cell walls (Northcote et al 1989; Drakakaki, 2015), it is an open question as to whether CSCs are moving 339	

in the cell plate as they do in the plasma membrane of interphase cells. Recent advances in microscopy may 340	
resolve some previous limitations to studying CESAs at the cell plate. Two-photon or multi-photon imaging 341	

systems allow deeper penetration into tissue and have been successfully applied to study other difficult-to-342	

access plant tissues (e.g. Roppolo et al 2011; Quilichini et al 2014). Furthermore, most light microscope 343	
setups use a horizontal stage so the gravity vector experienced by growing roots is disrupted during these 344	

studies, but vertical stage microscopy has recently been growing in popularity (Band et al., 2012; Poxson 345	
et al 2017, von Wangenheim et al 2017). New genetic tools, such as cell type-specific or cell cycle-regulated 346	
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fluorescent markers and brighter fluorophores (Sappl & Heisler, 2013; Kowalik & Chen, 2017) have the 347	

potential to provide for the next leap in this field. These tools are likely to improve studies of cell plate 348	

dynamics by reducing background fluorescence from non-dividing cells and by introducing the ability to 349	
follow the life-time of cell plate associated proteins, such as CESAs. 350	

 351	

  352	

Acknowledgements 353	

 HEM and SP are supported by an Australian Research Council Discovery Early Career Researcher 354	

Award (DE170100054), and an ARC Future Fellowship (FT160100218), respectively. SP acknowledges 355	
an IRRTF (RNC) grant. We sincerely apologize to colleagues whose relevant work could not be discussed 356	

due to length limitations. 357	
 358	
 359	

References 360	
Ambrose JC, Shoji T, Kotzer AM, Pighin JA, Wasteneys GO (2007) The Arabidopsis CLASP gene encodes 361	

a microtubule-associated protein involved in cell expansion and division. Plant Cell 19:2763-2775 362	

Anderson CT, Carroll A, Akhmetova L, Somerville C (2010) Real-time imaging of cellulose reorientation 363	
during cell wall expansion in Arabidopsis roots. Plant Physiol 152:787-796 364	

Band LR, Wells DM, Larrieu A, Sun JY, Middleton AM, French AP, Brunoud G, Sato EM, Wilson MH, 365	
Peret B, Oliva M, Swarup R, Sairanen I, Parry G, Ljung K, Beeckman T, Garibaldi JM, Estelle M, 366	

Owen MR, Vissenberg K, Hodgman TC, Pridmore TP, King JR, Vernoux T, Bennett MJ (2012) 367	
Root gravitropism is regulated by a transient lateral auxin gradient controlled by a tipping-point 368	
mechanism. P Natl Acad Sci USA 109:4668-4673 369	

Beeckman T, Przemeck GKH, Stamatiou G, Lau R, Terryn N, De Rycke R, Inze D, Berleth T (2002) 370	
Genetic complexity of cellulose synthase A gene function in Arabidopsis embryogenesis. Plant 371	
Physiol 130:1883-1893 372	

Boruc J, Van Damme D (2015) Endomembrane trafficking overarching cell plate formation. Curr Opin in 373	

Plant Biol 28:92-98 374	
Boutté Y, Frescatada-Rosa M, Men SZ, Chow CM, Ebine K, Gustavsson A, Johansson L, Ueda T, Moore 375	

I, Jürgens G, Grebe M (2010) Endocytosis restricts Arabidopsis KNOLLE syntaxin to the cell 376	

division plane during late cytokinesis. EMBO J 29:546-558 377	
Bringmann M, Li EY, Sampathkumar A, Kocabek T, Hauser MT, Persson S (2012) POM-378	

POM2/CELLULOSE SYNTHASE INTERACTING1 is essential for the functional association of 379	
cellulose synthase and microtubules in Arabidopsis. Plant Cell 24:163-177 380	



	 13	

Chen XY, Kim JY (2009) Callose synthesis in higher plants. Plant Signal Behav 4:489-492 381	

Chen XY, Liu L, Lee E, Han X, Rim Y, Chu H, Kim SW, Sack F, Kim JY (2009) The Arabidopsis callose 382	

synthase gene GSL8 is required for cytokinesis and cell patterning. Plant Physiol 150:105-113 383	
Crowell EF, Bischoff V, Desprez T, Rolland A, Stierhof YD, Schumacher K, Gonneau M, Hofte H, 384	

Vernhettes S (2009) Pausing of golgi bodies on microtubules regulates secretion of cellulose 385	

synthase complexes in Arabidopsis. Plant Cell 21:1141-1154 386	
Dettmer J, Hong-Hermesdorf A, Stierhof YD, Schumacher K (2006) Vacuolar H+-ATPase activity is 387	

required for Endocytic and secretory trafficking in Arabidopsis. Plant Cell 18:715-730 388	

Drakakaki G (2015) Polysaccharide deposition during cytokinesis: Challenges and future perspectives. 389	
Plant Sci 236:177-184 390	

Drakakaki G, van de Ven W, Pan SQ, Miao YS, Wang JQ, Keinath NF, Weatherly B, Jiang LW, 391	
Schumacher K, Hicks G, Raikhel N (2012) Isolation and proteomic analysis of the SYP61 392	
compartment reveal its role in exocytic trafficking in Arabidopsis. Cell Res 22:413-424 393	

Endler A, Kesten C, Schneider R, Zhang Y, Ivakov A, Froehlich A, Funke N, Persson S (2015) A 394	
mechanism for sustained cellulose synthesis during salt stress. Cell 162:1353-1364 395	

Fagard M, Desnos T, Desprez T, Goubet F, Refregier G, Mouille G, McCann M, Rayon C, Vernhettes S, 396	
Hofte H (2000) PROCUSTE1 encodes a cellulose synthase required for normal cell elongation 397	

specifically in roots and dark-grown hypocotyls of Arabidopsis. Plant Cell 12:2409-2424 398	
Fendrych M, Synek L, Pečenková T, Toupalová H, Cole R, Drdová E, Nebesářová J, Šedinová M, Hála M, 399	

Fowler JE, Žárský V. (2010). The Arabidopsis exocyst complex is involved in cytokinesis and cell 400	
plate maturation. Plant Cell 22:3053-3065 401	

Fujita M, Wasteneys GO (2014) A survey of cellulose microfibril patterns in dividing, expanding, and 402	
differentiating cells of Arabidopsis thaliana. Protoplasma 251:687-698 403	

Fulop K, Tarayre S, Kelemen Z, Horvath G, Kevei Z, Nikovics K, Bako L, Brown S, Kondorosi A, 404	

Kondorosi E (2005) Arabidopsis anaphase-promoting complexes - multiple activators and wide 405	

range of substrates might keep APC perpetually busy. Cell Cycle 4:1084-1092 406	
Gu FW, Bringmann M, Combs JR, Yang JY, Bergmann DC, Nielsen E (2016) Arabidopsis CSLD5 407	

functions in cell plate formation in a cell cycle-dependent manner. Plant Cell 28:1722-1737 408	
Gu Y, Kaplinsky N, Bringmann M, Cobb A, Carroll A, Sampathkumar A, Baskin TI, Persson S, Somerville 409	

CR (2010) Identification of a cellulose synthase-associated protein required for cellulose 410	

biosynthesis. Proc Natl Acad Sci U S A 107:12866-12871 411	
Guseman JM, Lee JS, Bogenschutz NL, Peterson KM, Virata RE, Xie B, Kanaoka MM, Hong Z, Torii KU 412	

(2010) Dysregulation of cell-to-cell connectivity and stomatal patterning by loss-of-function 413	
mutation in Arabidopsis chorus (glucan synthase-like 8). Development 137:1731-1741 414	



	 14	

Gutierrez R, Lindeboom JJ, Paredez AR, Emons AM, Ehrhardt DW (2009) Arabidopsis cortical 415	

microtubules position cellulose synthase delivery to the plasma membrane and interact with 416	

cellulose synthase trafficking compartments. Nat Cell Biol 11:797-806 417	
Jones DM, Murray CM, Ketelaar KJ, Thomas JJ, Villalobos JA, Wallace IS (2016) The emerging role of 418	

protein phosphorylation as a critical regulatory mechanism controlling cellulose biosynthesis. Front 419	

Plant Sci 7:684 420	
Jürgens G (2005) Cytokinesis in higher plants. Annual Review of Plant Biology 56:281-299 421	

Kowalik L, Chen JK (2017) Illuminating developmental biology through photochemistry. Nat Chem Biol 422	

13:587-598 423	
Liu Z, Schneider R, Kesten C, Zhang Y, Somssich M, Zhang Y, Fernie AR, Persson S (2016) Cellulose-424	

microtubule uncoupling proteins prevent lateral displacement of microtubules during cellulose 425	
synthesis in Arabidopsis. Dev Cell 38:305-315 426	

Louveaux M, Hamant O (2013) The mechanics behind cell division. Curr Opin Plant Biol 16:774-779 427	

Mao HL, Nakamura M, Viotti C, Grebe M (2016) A Framework for Lateral Membrane Trafficking and 428	
Polar Tethering of the PEN3 ATP-Binding Cassette Transporter. Plant Physiol 172:2245-2260 429	

McFarlane HE, Doring A, Persson S (2014) The Cell Biology of Cellulose Synthesis. Annu Rev Plant Biol 430	
65:69-94 431	

McMichael CM, Bednarek SY (2013) Cytoskeletal and membrane dynamics during higher plant 432	
cytokinesis. New Phytol 197:1039-1057 433	

Miart F, Desprez T, Biot E, Morin H, Belcram K, Hofte H, Gonneau M, Vernhettes S (2014) Spatio-434	
temporal analysis of cellulose synthesis during cell plate formation in Arabidopsis. Plant Journal 435	

77:71-84 436	
Morgan JLW, Strumillo J, Zimmer J (2013) Crystallographic snapshot of cellulose synthesis and membrane 437	

translocation. Nature 493:181-U192 438	

Murata T, Sano T, Sasabe M, Nonaka S, Higashiyama T, Hasezawa S, Machida Y, Hasebe M (2013) 439	

Mechanism of microtubule array expansion in the cytokinetic phragmoplast. Nat Commun 4 440	
Northcote DH, Davey R, Lay J (1989) Use of Antisera to Localize Callose, Xylan and Arabinogalactan in 441	

the Cell-Plate, Primary and Secondary Walls of Plant-Cells. Planta 178:353-366 442	
Paredez AR, Somerville CR, Ehrhardt DW (2006) Visualization of cellulose synthase demonstrates 443	

functional association with microtubules. Science 312:1491-1495 444	

Park E, Diaz-Moreno SM, Davis DJ, Wilkop TE, Bulone V, Drakakaki G (2014) Endosidin 7 specifically 445	
arrests late cytokinesis and inhibits callose biosynthesis, revealing distinct trafficking events during 446	

cell plate maturation. Plant Physiol 165:1019-1034 447	



	 15	

Park S, Szumlanski AL, Gu F, Guo F, Nielsen E (2011) A role for CSLD3 during cell-wall synthesis in 448	

apical plasma membranes of tip-growing root-hair cells. Nat Cell Biol 13:973-980 449	

Pietra S, Gustavsson A, Kiefer C, Kalmbach L, Horstedt P, Ikeda Y, Stepanova AN, Alonso JM, Grebe M 450	
(2013) Arabidopsis SABRE and CLASP interact to stabilize cell division plane orientation and 451	

planar polarity. Nat Commun 4 452	

Poxson DJ, Karady M, Gabrielsson R, Alkattan AY, Gustavsson A, Doyle SM, Robert S, Ljung K, Grebe 453	
M, Simon DT, Berggren M (2017) Regulating plant physiology with organic electronics. P Natl 454	

Acad Sci USA 114:4597-4602 455	

Quilichini TD, Samuels AL, Douglas CJ (2014) ABCG26-mediated polyketide trafficking and 456	
hydroxycinnamoyl spermidines contribute to pollen wall exine formation in Arabidopsis. Plant Cell 457	

26:4483-4498 458	
Rasmussen CG, Wright AJ, Muller S (2013) The role of the cytoskeleton and associated proteins in 459	

determination of the plant cell division plane. Plant Journal 75:258-269 460	

Reichardt I, Stierhof YD, Mayer U, Richter S, Schwarz H, Schumacher K, Jürgens G (2007) Plant 461	
cytokinesis requires de novo secretory trafficking but not endocytosis. Curr Biol 17:2047-2053 462	

Richter S, Kientz M, Brumm S, Nielsen ME, Park M, Gavidia R, Krause C, Voss U, Beckmann H, Mayer 463	
U, Stierhof YD, Jürgens G (2014) Delivery of endocytosed proteins to the cell-division plane 464	

requires change of pathway from recycling to secretion. Elife 3 465	
Roppolo D, De Rybel B, Tendon VD, Pfister A, Alassimone J, Vermeer JEM, Yamazaki M, Stierhof YD, 466	

Beeckman T, Geldner N (2011) A novel protein family mediates Casparian strip formation in the 467	
endodermis. Nature 473:380-U564 468	

Rybak K, Steiner A, Synek L, Klaeger S, Kulich I, Facher E, Wanner G, Kuster B, Zarsky V, Persson S, 469	
Assaad FF (2014) Plant cytokinesis is orchestrated by the sequential action of the TRAPPII and 470	
exocyst tethering complexes. Dev Cell 29:607-620 471	

Sampathkumar A, Gutierrez R, McFarlane HE, Bringmann M, Lindeboom J, Emons AM, Samuels L, 472	

Ketelaar T, Ehrhardt DW, Persson S (2013) Patterning and lifetime of plasma membrane-localized 473	
cellulose synthase is dependent on actin organization in Arabidopsis interphase cells. Plant Physiol 474	

162:675-688 475	
Samuels AL, Giddings TH, Jr., Staehelin LA (1995) Cytokinesis in tobacco BY-2 and root tip cells: a new 476	

model of cell plate formation in higher plants. J Cell Biol 130:1345-1357 477	

Sappl PG, Heisler MG (2013) Live-imaging of plant development: latest approaches. Curr Opin Plant Biol 478	
16:33-40 479	



	 16	

Schaefer E, Belcram K, Uyttewaal M, Duroc Y, Goussot M, Legland D, Laruelle E, de Tauzia-Moreau ML, 480	

Pastuglia M, Bouchez D (2017) The preprophase band of microtubules controls the robustness of 481	

division orientation in plants. Science 356:186-189 482	
Schneider R, Hanak T, Persson S, Voigt CA (2016) Cellulose and callose synthesis and organization in 483	

focus, what's new? Curr Opin Plant Biol 34:9-16 484	

Segui-Simarro JM, Austin JR, White EA, Staehelin LA (2004) Electron tomographic analysis of somatic 485	
cell plate formation in meristematic cells of arabidopsis preserved by high-pressure freezing. Plant 486	

Cell 16:836-856 487	

Shao W, Dong J (2016) Polarity in plant asymmetric cell division: Division orientation and cell fate 488	
differentiation. Dev Biol 419:121-131 489	

Smertenko A, Assaad F, Baluska F, Bezanilla M, Buschmann H, Drakakaki G, Hauser MT, Janson M, 490	
Mineyuki Y, Moore I, Muller S, Murata T, Otegui MS, Panteris E, Rasmussen C, Schmit AC, 491	
Samaj J, Samuels L, Staehelin LA, Van Damme D, Wasteneys G, Zarsky V (2017) Plant 492	

Cytokinesis: Terminology for Structures and Processes. Trends Cell Biol 493	

Smith LG (2001) Plant cell division: building walls in the right places. Nat Rev Mol Cell Bio 2:33-39 494	
Steiner A, Rybak K, Altmann M, McFarlane HE, Klaeger S, Nguyen N, Facher E, Ivakov A, Wanner G, 495	

Kuster B, Persson S, Braun P, Hauser MT, Assaad FF (2016) Cell cycle-regulated 496	
PLEIADE/AtMAP65-3 links membrane and microtubule dynamics during plant cytokinesis. Plant 497	
J 88:531-541 498	

Tateno M, Brabham C, DeBolt S (2016) Cellulose biosynthesis inhibitors - a multifunctional toolbox. J Exp 499	

Bot 67:533-542 500	
Thellmann M, Rybak K, Thiele K, Wanner G, Assaad FF (2010) Tethering factors required for cytokinesis 501	

in Arabidopsis. Plant Physiol 154:720-732 502	

Thiele K, Wanner G, Kindzierski V, Jürgens G, Mayer U, Pachl F, Assaad FF (2009) The timely deposition 503	
of callose is essential for cytokinesis in Arabidopsis. Plant J 58:13-26 504	

van Oostende-Triplet C, Guillet D, Triplet T, Pandzic E, Wiseman PW, Geitmann A (2017) Vesicle 505	

dynamics during plant cell cytokinesis reveals distinct developmental phases. Plant Physiol 506	

174:1544-1558 507	
van Rijnsoever C, Oorschot V, Klumperman J (2008) Correlative light-electron microscopy (CLEM) 508	

combining live-cell imaging and immunolabeling of ultrathin cryosections. Nat Methods 5:973-509	

980 510	
Viotti C, Bubeck J, Stierhof YD, Krebs M, Langhans M, van den Berg W, van Dongen W, Richter S, 511	

Geldner N, Takano J, Jürgens G, de Vries SC, Robinson DG, Schumacher K (2010) Endocytic and 512	



	 17	

secretory traffic in Arabidopsis merge in the trans-golgi network/early endosome, an independent 513	

and highly dynamic organelle. Plant Cell 22:1344-1357 514	

von Wangenheim D, Hauschild R, Fendrych M, Barone V, Benkova E, Friml J (2017) Live tracking of 515	
moving samples in confocal microscopy for vertically grown roots. Elife 6 516	

Wasteneys GO (2002) Microtubule organization in the green kingdom: chaos or self-order? J Cell Sci 517	

115:1345-1354 518	
Worden N, Wilkop TE, Esteve VE, Jeannotte R, Lathe R, Vernhettes S, Weimer B, Hicks G, Alonso J, 519	

Labavitch J, Persson S, Ehrhardt D, Drakakaki G (2015) CESA TRAFFICKING INHIBITOR 520	

inhibits cellulose deposition and interferes with the trafficking of cellulose synthase complexes and 521	
their associated proteins KORRIGAN1 and POM2/CELLULOSE SYNTHASE INTERACTIVE 522	

PROTEIN1. Plant Physiol 167:381-U609 523	
Yin L, Verhertbruggen Y, Oikawa A, Manisseri C, Knierim B, Prak L, Jensen JK, Knox JP, Auer M, Willats 524	

WG, Scheller HV (2011) The cooperative activities of CSLD2, CSLD3, and CSLD5 are required 525	

for normal Arabidopsis development. Mol Plant 4:1024-1037 526	
Zablackis E, Huang J, Muller B, Darvill AG, Albersheim P (1995) Structure of plant-cell walls: 527	

.Characterization of the cell-wall polysaccharides of Arabidopsis thaliana leaves. Plant Physiology 528	
107:1129-1138 529	

Zhang Y, Nikolovski N, Sorieul M, Vellosillo T, McFarlane HE, Dupree R, Kesten C, Schneider R, 530	
Driemeier C, Lathe R, Lampugnani E, Yu XL, Ivakov A, Doblin MS, Mortimer JC, Brown SP, 531	
Persson S, Dupree P (2016) Golgi-localized STELLO proteins regulate the assembly and 532	
trafficking of cellulose synthase complexes in Arabidopsis. Nat Commun 7 533	

 534	
 535	
 536	



	 18	

 537	
Figure 1. Plant cell plate development and cellulose synthase complex (CSC) accumulation.  538	
Stage I cell plate assembly begins with the arrival of vesicles from Golgi apparatus at the equatorial plane 539	

in the middle of the solid microtubule phragmoplast. This stage is so-called fusion of Golgi-derived vesicles 540	
stage (FVS). No CSCs have been observed at the cell plate during this stage. By Stage II a tubulovesicular 541	
network (TVN) has formed via vesicle fusion and the cell plate expends faster than other phases. At stage 542	

II, CSCs can be detected on the growing cell plate, and the phragmoplast microtubules begin to reorganize 543	
into a ring. During Stage III, the TVN gradually merges into a tubular network (TN). Polysaccharides 544	

continue to accumulate at the cell plate, the phragmoplast microtubules continue to reorganize to form form 545	

a ring around the edges of the maturing cell plate and CSCs remain in the cell plate. During Stage IV, the 546	
tubular network has expanded such that only small gaps remain in the fenestrated sheet (FS), and the 547	

phragmoplast nears the parental cell wall (PCW). The cell plate enters maturity as a new primary cross-548	

wall as it reaches and integrates with the PCW, and CSCs remain abundant throughout this process. 549	
 550	


