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A B S T R A C T 

Etiolated hypocotyls undergo rapid elongation compared with light-grown seedlings, a process associated with a developmental 

transition from mitotic cell division to endoreplication, resulting in increased cellular ploidy. CELL CYCLE SWITCH 52A2 (CCS52A2) 

is a key regulator of endoreplication in Arabidopsis thaliana, functioning through activation of the anaphase-promoting 

complex/cyclosome (APC/C) to mediate cyclin degradation. In this study, we demonstrate that loss-of-function mutations in CCS52A2 

significantly reduce hypocotyl elongation, particularly under dark-grown (etiolated) conditions. Notably, this phenotype is partially 

rescued in a ccs52a2 pkn1 double mutant, indicating that CCS52A2 promotes etiolated hypocotyl elongation at least in part through 

the PKN1 signaling pathway. Furthermore, our findings suggest that endoreplication influences cell wall composition and its 

downstream modifications, providing new insight into the link between ploidy level and cell wall dynamics during skotomorphogenic 

growth. 
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1 | INTRODUCTION 

The hypocotyl serves as an embryonic stem organ that promotes 

plant growth by linking the cotyledons to the underground root 

system [1]. During the post-germination stage, the hypocotyl rapidly 

elongates to penetrate the soil and capture the light signal, 

accompanied by a significant increase in cell size in the hypocotyl 

epidermal cells, especially under dark-grown conditions. In 

addition, the cell ploidy level of etiolated hypocotyl cells is higher 

than that of light-grown seedlings, a process named 

endoreplication [2,3]. Morphological studies have shown that during 

post-germination growth, the elongation speed of hypocotyl 

epidermal cells, grown under light, increases first in the bottom part 

and then in the top part of the hypocotyl [4]. In addition, under dark-

grown conditions, the epidermal cells of the bottom part of the 

hypocotyl elongate more rapidly, at an early stage, and later the 

epidermal cells of the middle part of the hypocotyl exhibit the 

highest elongation speed [5]. Multiple hormones are known to 

participate in Arabidopsis hypocotyl development [1,6]. For 

example, gibberellic acid (GA) has been identified to promote 

hypocotyl cell elongation via weakening of the cell wall [7,8]. Auxin 

has been found to play a positive role in cell expansion by 

activating cell wall acidification, thus loosening the cell wall and 

decreasing its thickness in the hypocotyl [9]. A recent study has 

revealed that auxin plays a dual role in regulating the development 

of etiolated hypocotyls in Arabidopsis. The study found that high 

levels of auxin initially suppress hypocotyl elongation immediately 

after germination. The asymmetrical distribution of internal auxin 

triggers the formation of the hypocotyl apical hook by activating the 

expression of PP2C.D1, a phosphatase that activates plasma 

membrane (PM) H+-ATPases [10]. Later, the role of auxin in 

regulating hypocotyl elongation switches from negative to positive, 

coinciding with a decrease in internal auxin levels [11]. Furthermore, 

no endoreplication defect was detected in several auxin 

biosynthesis mutant hypocotyls [12], but the auxin polar transport 

mutant, abcb19, displays enhanced endoreplication in the 

hypocotyl [13]. These data indicate that the role of auxin in 

modulating the hypocotyl endocycle is complex. 

The repression of CDKs/Cyclin complexes is a prerequisite for 

endoreplication. In Arabidopsis, SIM/SMRs and CCS52A1/2 play 

positive roles in controlling endoreplication by inhibiting CDKs 

activity and activating the APC/C complex to degrade cyclins, 

respectively [14,15]. Genetic studies have shown that SIM controls 

endoreplication in Arabidopsis trichomes via repression CDK 

activity [16,17]. Its mutation generates multicellular trichomes with a 

lower ploidy level [14]. Similarly, mutation and overexpression of 

SMR1 (LGO) repress and promote endocycle onset in leaf cells, 

respectively. Additionally, SMR2, a homolog of the SIM/SMRs 

family, has been observed to act as a positive factor in 

endoreplication onset [18]. CCS52A1/2 have been identified as 

major factors in Arabidopsis endoreplication establishment [15,19,20].  

Previously, CYCA2;3 was identified as a downstream target of 

the APC/CCCS52A1 complex, which controls the mitosis-endocycle 

transition [21]. In addition, our lab has identified two downstream 

targets of the APC/CCCS52A2 complex through an EMS mutagenesis 

screen: PKN1 (AT2G43990) and PKN2 (CYCA3;4) [22,23]. After 

crossing with either pkn1 or pkn2 single mutants, a significant 
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recovery in the root growth defect of the ccs52a2 mutant was 

observed [22,23]. ULTRAVIOLET-B-INSENSITIVE4 (UVI4) and DP-

E2F-like 1 (DEL1) were identified as repressors of CCS52A1 and 

CCS52A2, respectively [24]. DEL1 acts as a negative regulator of 

endoreplication in Arabidopsis [25]. It has been identified as a 

positive and negative downstream target of E2Fb and E2Fc, 

respectively [26].  

Cell wall activities during endoreplication represent a novel 

research focus [27], probably linked to cell morphological 

modifications, such as cell expansion. In addition, transcripts of 

cell wall biosynthesis and modification genes are enriched in the 

endoploidy cells [28–30]. ESKIMO1-5 (ESK1-5) encodes a major 

xylan acetyltransferase [31]. In the esk1 mutant, xylan and mannan 

in vessels have low acetylation levels, resulting in dwarf growth 

due to collapsed vessels. However, this phenotype can be rescued 

by crossing with kaktus (kak) [32], which is an endoreplication 

repressor [33]. This provides evidence for a potential link between 

endoreplication and cell wall modifications. Moreover, 

endoreplication has been identified to be involved in the immunity 

process and accompanied by cell wall modifications, which were 

observed in the smr1 and sim smr1 mutants [34,35]. Furthermore, 

the composition of the cell wall in polyploid lines differs from that 

in diploid lines. Arabidopsis polyploid lines have higher contents of 

pectin and hemicellulose, and a lower contents of lignin and 

cellulose [36]. Additionally, the cell wall in polyploid etiolated 

hypocotyl cells is more relaxed than that in diploid lines [5]. In 

addition, CCS52A2 has a potential link with endoreplication and 

pectin methylesterification during the hypocotyl apical hook 

formation [37]. These results indicate that the DNA content has a 

potential link with cell wall activities. However, detailed molecular 

evidence describing the effect of endoreplication on cell wall 

activities remains elusive. Hypocotyl epidermal cells are 

commonly used as a research model to study the relationship 

between endoreplication and cell expansion. Post-germination 

growth mainly relies on endoreplication and is easily 

characterized. This allows investigation of the connection between 

endoreplication and cell growth in a well-controlled and easily 

accessible system [38].  

To investigate the effect of endoreplication triggered by 

SIM/SMRs and CCS52A1/2 on the Arabidopsis hypocotyl, we 

analyzed the cell volume and ploidy level of light- and dark-grown 

hypocotyl epidermal cells through MorphoGraphX (MGX) and flow 

cytometry, respectively. We used MGX to analyze cell volume 

changes in hypocotyl epidermal and cortex cells between wild type 

(WT) and endocycle-related mutants, including sim, smr1, smr2, 

sim sm1, sim smr1 smr2, ccs52a1, ccs52a2, sim ccs52a1, and 

smr1 ccs52a1. Combined with flow cytometric results from WT and 

these mutant hypocotyls, we linked endoreplication with cell 

volume in the light- and dark-grown hypocotyls. 

2 | RESULTS 

2.1 | Expression pattern of SIM/SMRs and CCS52A1/2 in the 

Arabidopsis hypocotyl  

Previous research has mainly focused on the roles of SIM/SMR1 

and CCS52A1/2 in controlling endocycle onset in the Arabidopsis 

root and leaf [15–17]. SMR2 has also been found to play a role in 

regulating the balance between mitosis and endocycle in 

Arabidopsis leaves [18]. To investigate the effects of these genes 

on hypocotyl growth, we first examined the GUS activities of 

transcriptional reporter lines (SIM, SMR1, and SMR2) and 

translational reporter lines (CCS52A1 and CCS52A2) in light-

grown hypocotyls at different time points (0, 3, 5, and 7 days) 

(Figure 1). The 0-day time point represents the embryonic stage 

without seed coat. Promoter-GUS activity of SIM was patchy in the 

embryonic root and the bottom part of the hypocotyl at the 0-day 

time point. Then the SIM-GUS signal mainly accumulated in the 

vascular cells, and gradually disappeared from 3-day to 5-day time 

point, to come back at the 7-day time point in the vascular cells. 

We did not detect an SMR1-GUS signal in embryonic seedlings at 

the 0-day time point, but a signal appeared in the hypocotyl 

vascular cells, together with a patchy expression in the ground 

tissue and epidermal cells at the bottom part of the hypocotyl from 

the 3-day to 7-day time points. Interestingly, at the 3-day time 

point, the SMR1-GUS signal was strongest in the inner side of the 

bent region of the hypocotyl. SMR2 was constitutively strong and 

presented in the hypocotyl from 0-day to 7-day time point, 

suggesting that SMR2 may play a crucial role in hypocotyl 

development. We could not detect a clear CCS52A1 and 

CCS52A2 signal during the hypocotyl development process from 

0-day to 7-day time point (Figure 1).  

Furthermore, to analyze how SIM, SMR1, SMR2, CCS52A1, 

and CCS52A2 regulate hypocotyl growth, we measured the 

hypocotyl length of the corresponding mutants under light- and 

dark-grown conditions (Figure 2). The results showed that sim, 

smr1, and smr2 knock-out lines displayed no significant change in 

the hypocotyl length under light- and dark-grown conditions, 

compared to WT. The hypocotyl length of the sim smr1 double 

mutant was shorter than WT under light-grown conditions, while it 

was longer than WT under dark-grown conditions. However, the 

hypocotyl length defect was recovered in the sim smr1 smr2 triple 

mutant, both under light- and dark-grown conditions. The ccs52a1 

and ccs52a2 mutants both displayed hypocotyl elongation defects 

under light-grown conditions. The ccs52a1 etiolated hypocotyl 

length was unchanged compared to WT, while a great reduction in 

hypocotyl length was observed in the etiolated ccs52a2 hypocotyl. 

The hypocotyl length of sim ccs52a1 and smr1 ccs52a1 was 

decreased compared to WT under light-grown conditions. 

However, under dark-grown conditions, sim ccs52a1 displayed no 

significant changes in hypocotyl length, whereas the hypocotyl 

length of smr1 ccs52a1 was increased compared to WT (Figure 

2). This indicates that the crosstalk between SMR1 and CCS52A1 

might be influenced by the light signaling.  

As hypocotyl length is the result of cell length and number, we 

checked the light-grown hypocotyl epidermal cell number among 

these mutants and WT at the 7-day time point. The quantification 

was done on the basis of scanning electron microscope (SEM) 

images, including AT and TC files (Figure S1). The cell number 

quantification showed that the mutation of SIM and SMR2 did not 

affect the epidermal cell number. The smr1 mutant displayed an 

additional TC number, whereas the cell number in the AT files was 

unchanged compared to WT, indicating that SMR1 limits cell 

division in TC files (Figure 3A and B). Moreover, the AT and TC 

cell numbers were significantly increased in the sim smr1 double 

mutant, suggesting that SIM and SMR1 function redundantly in 

controlling the hypocotyl epidermal cell division. Furthermore, the 

hypocotyl epidermal cell number was slightly recovered in the sim 

smr1 smr2 triple mutant, suggesting that SMR2 might work 

antagonistically with SIM and SMR1 in controlling hypocotyl 

epidermal cell division. 

We also investigated the effects of ccs52a1 and ccs52a2 loss-

of-function mutants on the hypocotyl epidermal cell numbers. The 

data showed that a mutation in CCS52A1 did not affect the 

epidermal cell number, while the TC number in the ccs52a2 mutant 
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Figure 1 | Expression patterns of SIM, SMR1, SMR2, CCS52A1, and CCS52A2 in light-grown hypocotyls. GUS activity of SIM, SMR1, SMR2, CCS52A1, 

and CCS52A2 reporter lines in the Arabidopsis light-grown hypocotyls, visualized at the indicated time points. Scale bars=50 µm.  

.

was increased compared to WT (Figure 3B). We also checked the 

hypocotyl epidermal cell number of the sim ccs52a1 and smr1 

ccs52a1 double mutants. The data showed that these two mutants 

both generated additional cells of AT and TC files, indicating that 

CCS52A1 redundantly cooperates with SIM and SMR1 in 

controlling the cell number of AT and TC files (Figure 3). 

2.2 | Difference in hypocotyl endoploidy under light- and dark-

grown conditions 

To investigate the effects of the endocycle-related genes on 

hypocotyl endoreplication, we compared the differences in 

endoploidy level of WT and mutant hypocotyls via flow cytometry 

(Figure 4 and Figure S2). Results showed that the sim, smr1, and 

smr2 single mutants exhibited slight changes in endoploidy levels 

compared to WT under both light- and dark-grown conditions. The 

sim smr1 double mutant displayed a significant decrease in 

endoploidy levels compared to both WT and the parent lines, and 

the sim smr1 smr2 triple mutant displayed an exacerbated 

endoploidy defect. This suggests that SIM, SMR1, and SMR2 play 

overlapping roles in regulating hypocotyl endoreplication. 

The mutation in CCS52A1 resulted in a reduction of 

endoploidy levels in both light- and dark-grown hypocotyls 

compared to WT. Light-grown hypocotyls of the sim ccs52a1 

double mutant showed no changes in endoploidy levels compared 

to WT. However, an endoploidy defect was observed in etiolated 

hypocotyls of the sim ccs52a1 double mutant. These results 

indicate that SIM and CCS52A1 interact to control hypocotyl 

endoreplication under dark-grown conditions. The flow cytometric 

results from the smr1 ccs52a1 double mutant showed a reduction 

in endoreplication compared to WT under both light- and dark-

grown conditions, with a further decrease in endoploidy levels 

observed in the dark-grown hypocotyls of smr1 ccs52a1 compared 

to ccs52a1. These findings indicate that SMR1 cooperates with 

CCS52A1 in regulating hypocotyl cell endoreplication and that 

darkness enhances this effect. 
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Figure 2 | Hypocotyl length of endocycle-related gene mutants. Analysis of 
hypocotyl length of WT and the endocycle-related gene mutants sim, smr1, 

smr2, ccs52a1, ccs52a2, sim ccs52a1, smr1 ccs52a1, sim smr1, and sim 
smr1 smr2 under light- (A) and dark (B)-grown conditions at the 7-day time 
point. Data represent mean +SD (n>18, “none parametric” one-way 
ANOVA, p<0.05, one asterisk; p<0.01, two asterisks). 

 

Figure 3 | Effects of these endoreplication-related genes on hypocotyl 
epidermal cell number. Quantification of 7-day-old hypocotyl epidermal cells 
of endocycle-related gene mutants compared to WT under light-grown 
conditions, including AT (A) and TC files (B). Data represent mean +SD 
(n=12 to 17 of each genotype, “none-parametric” one-way ANOVA, p<0.05, 

one asterisk; p<0.01, two asterisks; p<0.001, three asterisks; p<0.0001, four 
asterisks). 

Flow cytometric results showed that the mutation of CCS52A2 

promoted endoreplication under dark-grown conditions, but not 

under light-grown conditions (Figure 4). This indicates that the light 

signal might be involved in the hypocotyl endoreplication caused 

by CCS52A2. In addition, the expression of CCS52A1 and 

CCS52A2 was not detected in the etiolated hypocotyls either 

(Figure 5A and B). Thus, how these two genes regulate the growth 

of hypocotyl under light- and dark-grown conditions remains 

elusive. As no viable ccs52a1 ccs52a2 double mutant could be 

obtained [39], we used the ccs52a1 DEL1OE line to mimic a ccs52a1 

ccs52a2 double mutant [24]. Because DEL1 was identified as the 

specific repressor of CCS52A2, the ccs52a1 DEL1OE line lacks 

CCS52A1 function and has reduced the expression of CCS52A2 
[24]. The hypocotyl length of ccs52a1 DEL1OE was close to the 

ccs52a2 mutant, still shorter than WT (Figure 5C). Additionally, the 

endoploidy analysis of ccs52a1 DEL1OE dark-grown hypocotyls 

was closer to ccs52a1, lacking the 16C-peak (Figure 5D). This 

suggests that CCS52A1 is the major activator of APC/C complex 

in the hypocotyl, whereas CCS52A2 mainly regulates hypocotyl 

elongation. 

 

Figure 4 | Endoploidy analysis of WT and endocycle-related gene mutants’ 
hypocotyl. Endoploidy analysis of WT and mutants hypocotyls under light 
(left)- and dark (right)-grown conditions at the 7-day time point. Data are 

representative of three biological repeats.  

 

 

Figure 5 | Analysis on dark-grown ccs52a1, ccs52a2, ccs52a1 DEL1OE, and WT hypocotyls. GUS activity of CCS52A1 (A) and CCS52A2 (B) in 7-day-old 
etiolated hypocotyls. Analysis of the etiolated hypocotyl length of WT, ccs52a1, ccs52a2, and ccs52a1 DEL1OE at the 7-day time point (C). Data represent 
mean +SD (n>20, “parametric” one-way ANOVA, p<0.0001, four asterisks). Flow cytometric results from the dark-grown hypocotyls of WT, ccs52a1, ccs52a2, 
and ccs52a1 DEL1OE at the 7-day time point (D). The x-axis represents the DNA content, which was stained by DAPI, and the y-axis represents the counted 

cells. Scale bars=50 µm. 
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Figure 6 | Effects of PKN1 and PKN2 on hypocotyl elongation and endoreplication. Hypocotyl length analysis of WT, pkn1, pkn2, pkn1 ccs52a2, pkn2 ccs52a2, 

and ccs52a2 under dark-grown conditions (A). Data represent mean +SD (n>11 from three independent biological repeats, “none parametric” one -way ANOVA, 
p<0.01, two asterisks; p<0.001, three asterisks; p<0.0001, four asterisks). Endoploidy analysis of dark-grown hypocotyl at 7-day time point (B), which is 
examined in ratio percentage. Flow cytometric results from the 7 -day-old etiolated hypocotyls of WT (C), pkn1 (D), pkn2 (E), pkn1 ccs52a2 (F), pkn2 ccs52a2 
(G), and ccs52a2 (H). The x-axis represents the DNA content, which was stained by DAPI, and the y -axis represents the counted cells. 

 

Previously, we identified that PKN1 (AT2G43990) and PKN2 

(CYCA3;4) are the downstream targets of APC/CCCS52A2 complex 
[22,23]. To investigate the effects of PKN1 and PKN2 on hypocotyl 

elongation, we checked the hypocotyl length of the pkn1, pkn2, 

pkn1 ccs52a2, pkn2 ccs52a2, and ccs52a2 mutants under dark-

grown conditions. The data showed that the mutation in PKN1 

promoted hypocotyl elongation, while no changes in hypocotyl 

length were detected in pkn2. In addition, pkn1 was found to 

rescue the short hypocotyl in ccs52a2, while the hypocotyl length 

of the pkn2 ccs52a2 double mutant was still shorter than that of 

WT (Figure 6A). These results indicate that PKN1 might be 

involved in the CCS52A2 pathway in regulating hypocotyl 

elongation. 

Interestingly, analysis of endoploidy showed that the ploidy 

level of pkn1 dark-grown hypocotyls was unchanged compared to 

WT, while pkn2 displayed an increase in the hypocotyl endoploidy 

level. This indicates that PKN1 is not involved in regulating the 

hypocotyl endoreplication process. Interestingly, the mutation in 

PKN1 recovered the enhanced endoploidy level in the ccs52a2 

mutant hypocotyl, while the hypocotyl of the pkn2 ccs52a2 mutant 

still exhibited a higher endoploidy level compared to WT (Figure 

6B). These indicate that PKN1 and PKN2 inhibit hypocotyl 

elongation and endoreplication, respectively.  

2.3 | Morphological study on the hypocotyl epidermal and 

cortex cells of endocycle-related mutants 

To investigate the effects of the endocycle-related gene mutants 

on hypocotyl growth at the cellular scale, we used MGX to 

measure cell volume changes in the hypocotyl epidermal and 

cortex cell layers of these mutants under light-grown conditions 

(Figure 7). The results showed that most of these mutants 

displayed a reduction in cell volume in the hypocotyl AT, TC, and 

cortex cells (CC), while the ccs52a2 knock-out line displayed no 

difference in cell volume compared to WT. Additionally, the AT files 

of sim displayed a slight increase in cell volume compared to that 

of WT. The sim smr1 double mutant showed a more pronounced 

reduction than either of their parent lines in cell volume in the 

hypocotyl epidermal and cortex cells, while the cell volume 

reduction was a bit recovered in the sim smr1 smr2 triple mutant. 

This suggests that SIM and SMR1 play redundant roles in 
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regulating hypocotyl cell expansion, while SMR2 may work 

antagonistically with SIM and SMR1 in this process. The mutation 

in CCS52A1 did not affect AT volume but reduced expansion in 

the TC and CC files, indicating that CCS52A1 is not involved in the 

AT expansion mechanism. 

 

Figure 7 | Geometry analysis of light-grown hypocotyls. The analysis is 

conducted on atrichoblast cells (AT), trichoblast cells (TC), and cortex cells 
(CC) of 7-day-old hypocotyls of WT and endocycle-related gene mutants, 
including cell volume, length, and width. Value represents the ratio of each 
mutant to WT, which is visualized as heat map. The red color represents 
higher ratio value, whereas the blue color represents a lower ratio value 

(n>400 cells from three biological repeats, “non -parametric” one-way 
ANOVA, p<0.05, one asterisk; p<0.01, two asterisks; p<0.001, three 
asterisks; p<0.0001, four asterisks). 

 

 The sim ccs52a1 double mutant showed a significant decrease in 

AT volume and an enhanced reduction in cell volume in the TC 

and CC cells compared to WT. These data suggest that SIM and 

CCS52A1 may function redundantly in regulating hypocotyl cell 

expansion. In addition, the cell volume of smr1 was smaller than 

WT in the AT, TC, and CC cells, while a similar reduction in cell 

volume was observed in the smr1 ccs52a1 mutant. This suggests 

that SMR1 is the main factor in regulating hypocotyl cell 

expansion. To determine which geometric factor, length or width, 

caused the cell volume changes, we performed the 3D CellAtlas 

function in MGX on these mutants and WT hypocotyls (Figure 7). 

The data showed that these changes occurred in cell length, not 

width, indicating that the mutations in these genes (SIM, SMR1, 

SMR2, CCS52A1, and CCS52A2) affect hypocotyl cell longitudinal 

expansion. The cell length of ccs52a2 was significantly decreased, 

but it was slightly wider than WT. This can explain why the cell 

volume of the ccs52a2 mutant was unchanged.  

The effects of darkness on the hypocotyl elongation of 

endocycle-related gene mutants were examined (Figure 8). It has 

been suggested that darkness promotes hypocotyl elongation 

through the induction of additional rounds of endoreplication [2]. In 

order to evaluate the cellular parameters of these mutants (except 

sim smr1 smr2), an MGX analysis was performed. The etiolated 

hypocotyl was divided into three sections: top, middle, and bottom. 

The data showed that the TC volume of the sim mutant was 

significantly reduced in the top part, while the changes in the 

middle and bottom parts were insignificant. In addition, the cell 

volume in the AT and CC files was not significantly influenced. The 

cells at the top part of the smr1 mutant hypocotyl appeared smaller 

than WT, whereas the hypocotyl cell volume of smr1 appeared 

unchanged compared to WT. However, the TC and CC file 

volumes of smr1 in the bottom part became much larger. The sim 

smr1 double mutant showed enhanced hypocotyl cell expansion 

in the top and middle parts, while the AT volume in the bottom part 

showed a significant decrease, confirming again that SIM and 

SMR1 may play redundant roles in controlling hypocotyl cell 

expansion. The TC volume of the smr2 mutant showed a decrease 

in the top part, while the bottom part of the hypocotyl cells also 

appeared larger compared to WT. This indicates that, in darkness, 

SMR2 may inhibit hypocotyl cell expansion in the bottom part.  

The mutation of CCS52A1 had no impact on the top and 

middle parts of the etiolated hypocotyl cells. However, in the 

bottom part, the ccs52a1 mutant led to larger TC and CC volume 

files compared to WT, while there were no significant changes 

observed in the volume of AT files. Additionally, the volume of the 

hypocotyl cells in the ccs52a2 mutant remained unchanged 

compared to WT. The double mutants of sim ccs52a1 and smr1 

ccs52a1 both exhibited smaller cells in the top (AT, TC, and CC) 

and middle (TC and CC) parts of the dark-grown hypocotyl; 

however, the cell volume of the middle AT files remained 

unchanged compared to WT. In the sim ccs52a1 mutant, no 

significant changes in cell volume were observed in the bottom 

part of the hypocotyl cells. In the smr1 ccs52a1 mutant, the bottom 

TC files were larger than WT, while the volume of AT and CC files 

remained unchanged. 

In conditions of darkness, similar to light-grown conditions, the 

cell length was found to be the primary factor that influenced the 

cell volume. The average cell length in the top part of the hypocotyl 

showed a reduction compared to WT in the mutants under 

investigation. This reduction was consistent with the changes in 

cell volume observed in the top and middle parts. The cell length 

of the sim smr1 and sim ccs52a1 double mutant, as well as smr1 

ccs52a1, exhibited greater defects compared to WT, except for the 

AT middle part of the sim ccs52a1 and smr1 ccs52a1 double 

mutants. Additionally, the dark-grown ccs52a2 hypocotyl cells 

were shorter than WT, particularly in the top and bottom parts, 

while at the same time they were wider than WT. This result further 

reinforces the hypothesis that CCS52A2 influences the 

longitudinal and transverse expansion of the hypocotyl cells. 

2.4 | Difference in cell wall composition in ccs52a1 and 

ccs52a2 hypocotyls 

Lignin, a major component of the secondary cell wall, generally 

restricts cell expansion [40]. An investigation was performed to 

determine if lignin biosynthesis may be responsible for the 

observed reduction in longitudinal expansion of ccs52a2 hypocotyl 

cells. We performed Basic Fuchsin (BF) and Wiesner staining 

protocols [41,42] on light-grown hypocotyls of WT, ccs52a1 (a 

homolog of CCS52A2 in the Arabidopsis genome), and ccs52a2. 

The results of the BF and Wiesner staining revealed increased 

lignin content in the ccs52a2 light-grown hypocotyl compared to 

both WT and ccs52a1 (Figure 9A). However, these staining 

methods were not effective in the dark-grown hypocotyls, making 

it difficult to determine whether the ccs52a2 dark-grown hypocotyl 

cells have increased lignin content.  

The lignin biosynthesis in Arabidopsis is controlled by several 

enzymes, such as phenylalanine ammonia-lyase (PAL), 

cinnamate 4-hydroxylase (C4H), 4-coumarate: CoA ligase (4CL), 

cinnamoyl-CoA reductase (CCR), cinnamyl alcohol 
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dehydrogenase (CAD), and caffeic acid O-methyltransferase 

(COMT) [43]. In this study, we analyzed the expression levels of 

these genes in the light- and dark-grown hypocotyls of WT, 

ccs52a1, and ccs52a2 at the 7-day time point (Figure 9B and C). 

The transcriptional results revealed that the expression level of 

PAL1 was upregulated in the ccs52a2 hypocotyl compared to that 

of WT and ccs52a1 under both light- and dark-grown conditions. 

Furthermore, under dark-grown conditions, the difference in 

expression level of PAL1 in ccs52a2 was enhanced compared to 

WT and ccs52a1 (Figure 9C), which might be attributed to the 

enhanced hypocotyl elongation defect in the etiolated ccs52a2 

mutant. 

 

 

Figure 8 | Geometrical analysis of dark-grown hypocotyls. Differences in cell volume, length, and width upon 3D cell stack analysis for atrichoblast cell (AT), 
trichoblast cell (TC), and cortex cell (CC) of WT and endocycle-related mutants under dark-grown conditions. The data are calculated from the top (a), middle 
(b), and bottom (c) parts of the hypocotyl. Value represents the ratio of each mutant to WT, which is visualized as a heat ma p. The red color represents a 

higher ratio value, whereas the blue color represents a lower ratio value (n=40 to 130 cells from two biological repeats, “non -parametric” one-way ANOVA, 
p<0.05, one asterisk; p<0.01, two asterisks; p<0.001, three asterisks; p<0.0001, four asterisks). 

A 

B 
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Figure 9 | Analysis of lignin in ccs52a1, ccs52a2, and WT light-grown hypocotyl. Analysis of lignin content in the WT, ccs52a1, and ccs52a2 light-grown 

hypocotyls (from left to right) at the 7-day time point, which were stained by Wiesner (A). Relative expression level of lignin biosynthesis genes in the hypocotyls 
of WT, ccs52a1, and ccs52a2 that grew under light- (B) and dark-grown (C) conditions. The red color represents an increase in expression level compared to 
WT plants. Data represent the mean of the expression level of each gene (p<0.01, two asterisks; p<0.0001, four asterisks).  

 

3 | DISCUSSION 

Arabidopsis hypocotyl epidermal cells are commonly used as a 

research model for endoreplication studies, as they are easily 

characterized and endoreplication occurs in the epidermal cells, 

particularly under dark-grown conditions, without cell division [2]. 

SIM/SMR1 and CCS52A1/2 have been identified as the primary 

positive regulators of the Arabidopsis endoreplication [14–16]. SMR2, 

another member of the SMR family, has been found to play a 

similar role to SIM and SMR1 in regulating the transition from 

mitosis to endocycle in the Arabidopsis leaves [18]. However, the 

effects of these genes on hypocotyl development have not been 

thoroughly studied. In this study, we analyzed the endoploidy level 

and cell volume of endocycle-related gene mutants (sim, smr1, 

smr2, ccs52a1, ccs52a2, sim ccs52a1, smr1 ccs52a1, sim smr1, 

and sim smr1 smr2) and ectopic expressed SIM and CCS52A2 in 

the hypocotyl epidermal cells with the pCER6 promoter, an 

epidermis-specific gene, under light- and dark-grown conditions. 

Meanwhile, we utilized several methods to investigate the changes 

in cell wall activities, trying to link the potential relationship 

between endoreplication and cell wall mechanics. 

3.1 | SIM, SMR1, and SMR2 have overlapping roles in 

controlling the growth of the hypocotyl  

The single mutations of SIM, SMR1, and SMR2 showed minimal 

alterations in the length of the hypocotyl under both light- and dark-

grown conditions. However, the sim smr1 double mutant exhibited 

a distinct deviation in hypocotyl length, with shorter and longer 

lengths observed under light- and dark-grown conditions, 

respectively (Figure 2). This suggests a redundant role for SIM and 

SMR1 in the regulation of hypocotyl elongation and the 

A 
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involvement of light signals in this process. In addition, the 

hypocotyl length of the sim smr1 smr2 triple mutant remained 

unchanged compared to WT under both light- and dark-grown 

conditions. 

The single mutations of SIM, SMR1, and SMR2 had a limited 

impact on the number of hypocotyl epidermal cells compared to 

WT. However, the changes were more pronounced in the sim smr1 

and sim smr1 smr2 mutants. Results obtained through flow 

cytometry indicated that the mutations in SIM, SMR1, and SMR2 

did not affect the endoploidy level of the hypocotyl under both light- 

and dark-grown conditions (Figure 4). On the other hand, a gradual 

increase in endoreplication defects was observed in the hypocotyl 

of the sim smr1 and sim smr1 smr2 mutants under both light- and 

dark-grown conditions. This suggests that SIM, SMR1, and SMR2 

perform overlapping functions in regulating hypocotyl cell growth, 

including cell number and endoreplication. Similar results have 

been reported in the Arabidopsis leaves, where an increased 

endoploidy defect was observed in the sim smr1 smr2 triple mutant 

compared to WT and the single mutants [18]. 

Cell volume analysis under light-grown conditions showed a 

reduction in the cell volume of the hypocotyl in the sim, smr1, and 

smr2 single mutants compared to the control, suggesting positive 

roles of SIM, SMR1, and SMR2 in controlling hypocotyl cell 

expansion. Meanwhile, an increase in the cell volume of sim AT 

files was observed compared to WT, indicating a negative role for 

SIM in regulating cell expansion in the hypocotyl AT files under 

light-grown conditions. The epidermal cell volume (AT and TC 

files) of the sim smr1 double mutant was approximately 57% of 

WT, while the ratio of the epidermal cell volume in the sim smr1 

smr2 triple mutant to WT was around 80%. In addition, the number 

of hypocotyl epidermal cells in the sim smr1 smr2 triple mutant 

showed some recovery compared to the sim smr1 double mutant. 

These data suggest that SMR2 might act antagonistically to SIM 

and SMR1 in controlling the cell number and expansion of the 

hypocotyl epidermal cells. Cell expansion is considered to be a 

result of endoreplication [2]. However, the relationship between 

endoreplication and cell volume in these single mutants (sim, 

smr1, and smr2) is uncoupled, indicating that SIM, SMR1, and 

SMR2 may regulate cell expansion without affecting the 

endoploidy level in the Arabidopsis hypocotyl. The changes in 

endoreplication and cell volume were found to be consistent in the 

sim smr1 and sim smr1 smr2 mutants' hypocotyl.  

3.2 | CCS52A2 promotes hypocotyl elongation  

Analysis of the ccs52a1 mutant revealed a marginal impact on 

hypocotyl length but a substantial reduction in endoploidy levels 

under both light- and dark-grown conditions when compared to 

WT. In contrast, the ccs52a2 mutant displayed shorter hypocotyls, 

particularly under dark-grown conditions, and slight changes in 

endoploidy levels compared to WT, and even an increase in 

endoreplication was observed under dark-grown conditions. The 

etiolated hypocotyl of ccs52a1 DEL1OE, to mimic the ccs52a1 

ccs52a2 double mutant, displayed decreased endoploidy level, 

like ccs52a1, and reduced hypocotyl length, like ccs52a2. These 

findings indicate that CCS52A1 is the major factor of hypocotyl 

endoreplication, while CCS52A2 mainly functions in hypocotyl 

elongation under dark-grown conditions. However, the phenotypic 

changes in ccs52a1/a2 mutants contrast with their weak 

expression level in hypocotyls, with a primary presence in the 

vascular cells.  

The mutations in CCS52A1 and CCS52A2 have been found to 

affect the tissue organization in the root, resulting in longer root 

meristem zone and a disorganized quiescent center (QC), 

respectively [15]. In addition, the root growth of ccs52a2 was 

repressed, including reduced root length, meristem size, cortical 

cell number, and cell size [23]. Given that seedlings rely on the 

absorption of nutrients to support hypocotyl growth during the post-

germination stage, the observed changes in endoreplication and 

elongation of the etiolated hypocotyl of ccs52a1 or ccs52a2 might 

be attributed to their root growth defect. 

CELLULOSE SYNTHASE-LIKE D5 (CSLD5), which is 

localized in the cell plated during the M phase, has been identified 

as a downstream target of CCS52A2 [44]. However, the role of 

CCS52A2 in regulating cell wall activities remains unclear. The 

staining done by Basic Fuchsin and Wiesner revealed an increase 

in lignin content of the light-grown ccs52a2 mutant hypocotyls 

compared to WT and ccs52a1. Lignin, which works as the major 

component of the secondary cell wall, can enhance plant cell wall 

thickness and represses cell expansion [40,45]. In Arabidopsis, 

polyploidy was found to repress lignin biosynthesis compared to 

the diploid line [36]. These findings indicate that lignin biosynthesis 

has a potential link with cell cycle mechanisms. The transcripts of 

PAL1, a gene crucial for lignin biosynthesis in Arabidopsis [40], were 

upregulated in the hypocotyls of the ccs52a2 mutant under both 

light-grown and dark-grown conditions. In the Arabidopsis 

genome, PAL1 and PAL2 encode phenylalanine ammonia-lyase 

(PAL; EC 4.3.1.5), which plays an initial step in the 

Phenylpropanoid and Flavonoid Pathways [46]. The expression 

pattern of PAL1 has been reported to display a decrease in 

expression levels in the hypocotyls of light-grown plants during the 

post-germination stage [47]. In addition, the PAL activity in the 

hypocotyl is repressed under dark-grown conditions [48]. These 

data suggest that CCS52A2 might participate in the hypocotyl 

elongation via repressing the expression of PAL1, particularly 

under dark-grown conditions.  

Figure 10 | A model for CCS52A2 functions in hypocotyl elongation. During 
post-germination stage, CCS52A2 positively contributes to hypocotyl 
elongation via inhibiting the expression of lignin biosynthesis genes. 
Defective hypocotyl elongation can be rescued by the pkn1 mutant, 

indicating that PKN1 acts as the downstream target of CCS52A2 in 
controlling hypocotyl elongation. The relationship between PKN1 and lignin 
biosynthesis remains elusive. 

Potential evidence was found in the hypocotyl of the reduced 

epidermal fluorescence 5 (ref5-2) mutant, an allele of CYP83B1, 

which encodes the oxime-metabolizing enzyme [49]. The data 

showed that the hypocotyl length of ref5-2 is longer than WT with 

a decrease in PAL activity, indicating that PAL may negatively 

regulate hypocotyl elongation [50]. The Arabidopsis encodes two 

isoforms:PAL1 and PAL2 [51]. However, a substantial reduction in 

lignin content was only observed in the pal1 pal2 double mutant 
[51], which supports plant cell expansion.  

PKN1 and PKN2 have been identified as downstream targets 

of the APC/CCCS52A2 complex [22,23], which mutations can partially 

restore endoreplication and cell division defects in the root of 

ccs52a2. We investigated the roles of PKN1 and PKN2 in 

hypocotyl elongation and endoreplication. The data showed that, 

under dark-grown conditions, the pkn1 mutant has a longer 

hypocotyl than WT and can restore the hypocotyl defect in the 

ccs52a2 mutant. Whereas the hypocotyl of the pkn2 ccs52a2 
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double mutant was still shorter compared to WT. These results 

suggest that, in the Arabidopsis hypocotyl, PKN1 might be 

involved in the CCS52A2 pathway regulating hypocotyl elongation. 

Additionally, PKN1 was identified to localize at microtubule 

structures during the M phase [22]. However, since hypocotyl cells 

mainly remain at the endoreplication stage, the function of PKN1 

in the hypocotyl cell plate/wall remains unclear (Figure 10).  

 

Figure 11 | Visual representation for SIM/SMRs and CCS52A1/2 
contribution to hypocotyl cell expansion under light-grown conditions. A 
light-grown hypocotyl, which is annotated by MGX, at the 7-day time point 
(A). During hypocotyl growth, the hypocotyl epidermal cells undergo 
endocycle and undergo cell expansion in longitudinal and transversal 

directions (B). SIM/SMRs and CCSS52A1/A2 play positive (red) or negative 
(blue) roles in regulating AT (c), TC (D), and CC (E) files of hypocotyl 
expansion in longitudinal and transversal directions. 

3.3 | SIM/SMRs and CCS52A1/2 regulate hypocotyl cell 

expansion in different directions  

The MGX data, under light-grown conditions, showed that 

SIM/SMRs and CCS52A1/2 modulate hypocotyl cell expansion in 

a tissue-specific manner (Figure 11). In general, these genes 

positively contribute to longitudinal expansion of hypocotyl cells, 

as a reduction in cell length was observed in these gene single 

mutant hypocotyls. However, in AT files, SIM negatively controls 

AT file expansion in both the longitudinal and transversal directions 

(Figure 11C). CCS52A2 represses transversal expansion in AT 

and TC files, which may explain why no difference in cell volume 

was observed in the ccs52a2 mutant hypocotyl. In addition, SIM 

and CCS52A1 were found to positively regulate transversal 

expansion in TC and CC files (Figure 11D and E). In CC files, 

SMR2 also promotes transversal expansion of cells (Figure 11E). 

Similarly, the hypocotyls of the sim smr1 double mutant and 

the sim smr1 smr2 triple mutants showed enhanced defects in 

longitudinal expansion compared to either parent mutant line. In 

addition, sim smr1 showed shorter cell length than the sim smr1 

smr2 triple mutant. These results confirm again that SIM and 

SMR1 function redundantly in hypocotyl development, while 

SMR2 functions antagonistically with SIM and SMR1.  

Darkness promotes hypocotyl elongation, which accentuates 

differences in geometric parameters. Meanwhile, analyzing whole 

hypocotyl cellular data under dark-grown conditions can be 

difficult. To address this, we divided the dark-grown hypocotyl into 

three parts: top, middle, and bottom. Our data showed that the 

reduction in cell volume mainly occurred in the top part of the dark-

grown hypocotyl. In the bottom part, some exceptions were found; 

for example, the TC volume in the bottom part hypocotyl of smr1 

and smr2 was bigger than WT. Geometrical analysis revealed that 

the cell length of the bottom TC files significantly increased in smr1 

and smr2 compared to WT under dark-grown conditions, whereas 

in light, the TC of smr1 and smr2 appeared shorter than WT. This 

indicates that these genes might regulate cell expansion in a light-

dependent manner. 

3.4 | CCS52A2 promotes cell expansion via light pathway 

Flow cytometric results from the pCER6:CCS52A2 hypocotyl, 

which specifically expressed CCS52A2 in hypocotyl epidermal 

cells, showed that CCS52A2 promotes endoreplication in 

hypocotyl epidermal cells under both light- and dark-grown 

conditions. In addition, the light-grown pCER6:CCS52A2 

hypocotyl epidermal cells were enlarged, while no such changes 

were observed under dark-grown conditions. This data indicates 

that the cell endoreplication and expansion are uncoupled in the 

dark-grown pCER6:CCS52A2 hypocotyl. This result indicates that 

cell endoreplication and expansion triggered by CCS52A2 might 

be in two parallel pathways, with the effect of CCS52A2 on cell 

expansion relying on light signals. Another explanation could be 

that under dark-grown conditions, CCS52A2 triggers cell 

expansion later than endoreplication. A similar phenotype was 

observed in Arabidopsis in later stage collet hair cells, where 

endoreplication precedes cell expansion [52]. Therefore, we still 

need to analyze the dark-grown pCER6:CCS52A2 hypocotyl at 

additional time points, such as 5 and 9 days, in order to fully 

understand the process. 

4 | CONCLUSION  

In this study, we mainly analyzed the relationships between 

endoreplication and cell expansion in the Arabidopsis hypocotyl. 

The flow cytometric results, without a tissue-specific marker, can 

only represent the endoploidy levels of whole hypocotyl cells. 

Therefore, we may cross the pCER6 marker line, which is 

especially expressed in the hypocotyl epidermal cells, with 

coordinated mutants to specially sort the hypocotyl epidermal 

cells. Alternatively, we may apply tissue-specific knockout 

technology to specifically analyze the endoploidy level changes 

caused by SIM/SMRs and CCS52A1/A2. We still need additional 

work to figure out the potential relationship between lignin and 

CCS52A2 in hypocotyl growth. Thus, we will cross lignin 

biosynthesis gene mutants with the ccs52a2 mutant to see if the 

hypocotyl elongation defective phenotypes can be recovered. 

PKN1 appeared to be responsible for ccs52a2 short hypocotyl 

under dark-grown conditions; whether PKN1 is involved in the 

lignin biosynthesis pathway needs to be figured out. Meanwhile, 

we will conduct immunolocalization analyses on cross-sections of 

hypocotyls from pCER6:SIM and pCER6:CCS52A2 to identify the 

specific cell layers where cell wall modifications occur. We also 

need additional analysis at different time points of dark-grown 

pCER6:CCS52A2 lines, to figure out whether CCS52A2 could 

promote hypocotyl cell expansion under dark-grown conditions. 
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5 | MATERIALS AND METHODS 

5.1 | Plant material, growth conditions, and chemical 

treatments 

In this study, we used Arabidopsis thaliana lines in the Columbia-

0 (Col-0) background. The specific lines used were sim, smr1, 

smr2, sim smr1, sim smr1 smr2, ccs52a1 (Salk_083656), ccs52a2, 

sim ccs52a1, smr1 ccs52a1, pkn1, pkn2, pkn1 ccs52a2, pkn2 

ccs52a2, ccs52a1 DEL1OE, pCER6, pCER6:SIM, and 

pCER6:CCS52A2. The plants were grown on a sugar-free medium 

consisting of 1/2 Murashige and Skoog (MS) medium 

supplemented with 1% plant agar and 0.5 g/L MES at pH 5.8. The 

seeds were sterilized and plated on the medium, then stratified in 

the dark for three days at 4°C. After stratification, the seeds were 

transferred to a growth room with a 16-hour light/8-hour dark cycle 

(70 μmol m-2s-1) at 22°C for seven days. For dark treatment, the 

plates were wrapped in aluminum foil and kept in the same growth 

room [53]. 

5.2 | Confocal microscopy 

Samples were cleared and fixed using the ClearSee protocol [54], 

and cell walls were counterstained with Calcofluor White to enable 

visualization of cellular boundaries. Confocal imaging was 

performed using a Zeiss LSM 710 laser-scanning microscope 

equipped with a 40× water-immersion objective lens (NA 0.8), 

allowing high-resolution acquisition of optical sections. 

5.3 | 3D analysis by MGX 

3D image segmentation and analysis were performed using 

MorphoGraphX (version 2.0) [55,56]. Raw image stacks were first 

smoothed using a Gaussian blur (x = 0.6, y = 0.6, z = 0.3), followed 

by cell segmentation with an ITK threshold value of 1000. 

Segmentation errors were manually corrected to ensure accuracy. 

A 3D cellular mesh was generated with a cube size of 1.0, and 

geometric parameters, including cell volume, length, and width, 

were quantified using the “heatmap” analysis tool in 

MorphoGraphX. 

5.4 | GUS Staining 

Transcriptional and translational reporter lines were first incubated 

in 80% ice-cold acetone for 30 min, followed by gentle washing. A 

phosphate buffer was prepared by mixing 14 mL of 100 mM 

NaH2PO4, 36 mL of Na2HPO4, and 50 mL of distilled water. 

Seedlings were washed in this phosphate buffer for 5–10 min, and 

the wash step was repeated three times. The X-Gluc staining 

solution was prepared by combining 98 mL of phosphate buffer 

with 2 mM potassium ferricyanide, 2 mM potassium ferrocyanide, 

and 1 mL of X-Gluc. Seedlings were incubated in this solution at 

37°C in the dark (wrapped in aluminum foil) overnight. After 

staining, seedlings were cleared in ethanol at room temperature 

overnight, followed by clearing in lactic acid for 30–60 minutes. 

Stained samples were mounted in a few drops of lactic acid and 

imaged under a microscope. 

5.5 | Flow cytometry analysis 

Flow cytometry analysis was performed on mutant and transgenic 

lines, in which nuclei were stained with DAPI. The proportion of 

GFP-positive nuclei was quantified to determine the 

endopolyploidy level in hypocotyl epidermal cells from 7-day-old 

seedlings grown under both light and dark conditions 

5.6 | Lignin staining on seedlings 

Lignin deposition in Arabidopsis seedlings was assessed using 

Wiesner staining and Basic Fuchsin (BF) staining. For Wiesner 

staining, 7-day-old seedlings were incubated in Wiesner reagent 

(1% phloroglucinol dissolved in 100 mL of 95% ethanol and 16 mL 

of 37% HCl), and lignification was evaluated visually as previously 

described [42]. For BF staining, seedlings were processed using the 

ClearSee protocol and subsequently incubated in 0.2% Basic 

Fuchsin in ClearSee for at least 1 h, followed by one rinse in fresh 

ClearSee and a second incubation for 30 min or longer before 

imaging [41]. 

5.7 | Materials preparation for Comprehensive Microarray 

Polymer Profiling (CoMPP) 

The hypocotyls of 7-day-old light-grown pCER6 transgenic lines 

were excised and flash-frozen in liquid nitrogen. The frozen tissue 

was homogenized in a 2 mL Eppendorf tube using a metal bead. 

The homogenized material was extracted sequentially with 70% 

ethanol, a 1:1 mixture of methanol and chloroform, and acetone. 

For each extraction step, the samples were thoroughly vortexed, 

centrifuged at maximum speed for 10 min, and the supernatant 

discarded. After the final acetone wash, the Eppendorf tubes were 

left open to air-dry on the bench overnight. The dried extracts were 

weighed, ensuring a minimum of 5 mg per sample. 

5.8 | Extraction of cell wall glycans 

The dried extracts were resuspended by adding 500 μL of 50 μM 

CDTA (pH 7.5) to each sample. The tubes were briefly vortexed 

and homogenized using a TissueLyser for 30 s at 20 Hz, followed 

by 2h at 8 Hz. Samples were centrifuged for 1 min at maximum 

speed, and the supernatant was carefully collected into a new 

Eppendorf tube and stored at 4 °C. The remaining pellets were 

washed with 500 μL of 4 M NaOH containing 0.1% (w/v) NaBH₄, 

homogenized again using the TissueLyser for 30 s at 20 Hz and 

2h at 8 Hz, centrifuged for 1 min at maximum speed, and the 

supernatant was collected and stored at 4 °C. The pellets were 

subsequently washed with 500 μL of cadoxen solution (31% v/v 

1,2-diaminoethane with 0.78 M CE), and the supernatant was 

collected following the same procedure. For downstream 

analyses, the extracted solutions were diluted to 1:2 and 1:20 

concentrations. 

9.9 | Printing Microarrays 

For immunoassay analysis, 5 μL of each sample (diluted 1:2 and 

1:20) was loaded onto appropriately prepared cut arrays, with 

three technical replicates per sample. Each sample was labeled 

manually with a pencil. Arrays were blocked with 5% skimmed milk 

powder in TBST [Tris-buffered saline (20 mM Tris-HCl, 140 mM 

NaCl, pH 7.5) with 0.1% Tween-20] for 1 h with gentle shaking. 

Primary cell wall antibodies, diluted 1:100 in blocking solution, 

were applied to the arrays and incubated for 1.5 h under gentle 

agitation. Arrays were then washed three times with TBST for 5 

min each under gentle shaking. Subsequently, secondary 

antibodies, diluted 1:1000 in blocking solution, were applied and 

incubated for 1.5 h with gentle shaking, followed by a repeat of the 

washing procedure. 

5.10 | BCIP/NBT colorimetric quantification of array signals 

The BCIP/NBT color development solution was prepared by 

adding 200 μL of substrate to 10 mL of buffer (0.1 M Tris-HCl, 0.1 
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M NaCl, 0.05 M MgCl₂). This solution was applied to the washed 

arrays, which were incubated with gentle shaking in the dark until 

visible color development occurred. Afterward, the arrays were 

allowed to air-dry on the bench. The signal intensity was quantified 

by measuring the integrated grey density of each spot. 
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