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Fine-tuning and remodeling of
pectins play a key role in the
maintenance of cell adhesion
Cyril Grandjean1,2, Aline Voxeur2, Salem Chabout2,
François Jobert1,3, Laurent Gutierrez3, Jérôme Pelloux1,
Gregory Mouille2 and Sophie Bouton1*
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Jules Verne, Amiens, France, 2INRAE, AgroParisTech, Institut Jean-Pierre Bourgin(IJPB), Université
Paris-Saclay, Versailles, France, 3Centre de Ressources Régionales en Biologie Moléculaire(CRRBM),
Université de Picardie Jules Verne, Amiens, France
Plant cell adhesion is essential for development and stress response and is

mediated by the deposition of pectin-rich middle lamella between cell walls.

However, the precise control mechanism of cell adhesion remains unclear. The

qua2-1 and esmd1-1 mutants provide a better understanding of this process and

suggest a signaling pathway triggering the loss and restoration of adhesion via cell

wall modifications. This study aims at a better characterization of the production of

endogenous oligogalacturonides(OGs) and cell wall structural modifications in the

control of cell adhesion in Arabidopsis. From dark-grown hypocotyls of wild type,

qua2-1, esmd1-1, and qua2-1/esmd1-1 mutants, we identified seven distinct

endogenous OGs, that varied in their degree of polymerization and extent of

substitution and in their abundance. The structure of homogalacturonans were

further analyzed by enzymatic fingerprint, indicating a change in esterification

patterns. Expression analysis of genes encoding pectin-modifying enzymes,

including PME, PMEI, and PAE showed significant variations depending on

genotypes. Gene expression levels correlated with changes in the structure of

homogalacturonans and cell adhesion phenotypes. This study suggests the

involvement of a feedback loop between endogenous OGs, the fine-tuning of

homogalacturonans structure, and the gene expression of pectin remodeling

enzymes in controlling cell adhesion.
KEYWORDS

arabidopsis, cell wall, cell adhesion, pectin, oligogalacturonides (OGs)
Introduction

Cell adhesion plays a crucial role in plant development and in response to stress (Somerville

et al., 2004). The adhesion between adjacent plant cells is facilitated by the deposition of a

pectin-rich middle lamella (Daher and Braybrook, 2015). The middle lamella primarily consists

of homogalacturonans (HGs), whose degree ofmethyl andO-acetyl esterification is regulated by
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cell wall-localized proteins such as pectin methylesterases (PMEs),

pectin methylesterase inhibitors (PMEIs), and pectin acetylesterases

(PAEs), all encoded by large multigenic families in Arabidopsis

(Pelloux et al., 2007; Philippe et al., 2017). While some molecular

regulators involved in cell adhesion have been identified (Atakhani

et al., 2022), the mechanism by which plants control and maintain cell

adhesion in response to changes in cell wall chemistry remains poorly

understood. Studies on the Arabidopsis quasimodo2 (qua2) mutant,

which is affected in a pectin methyltransferase gene and exhibits

cellular adhesion defects and reduced amount of HGs but not in

their degree of methyl-esterification (Mouille et al., 2007; Du et al.,

2020b). Furthermore, this mutant exhibits impaired cellulose and

microtubule alignments, likely associated with mechanical defects in

tissue tension due to stress-strain during cell growth (Zang et al., 2021;

Kelly-Bellow et al., 2023). The gradual loss of cell adhesion suggests

that a biological process is necessary, at least for the separation of the

middle lamella. Other mutants, such as friable1, a rhamnosyl

transferase defective mutant, demonstrate altered cell adhesion

without any changes in cellulose or HGs contents (Neumetzler et al.,

2012;Wachananawat et al., 2020). Interestingly, the esmeralda1mutant

(esmd1-1), carrying a pointmutation in a putative O-fucosyltransferase,

rescues quasimodo1-1 (Bouton et al., 2002), friable1 & quasimodo2-1

(qua2-1) phenotypes, without restoring HG content but rather by

altering the expression of the pectin response gene FAD-LINKED

OXIDOREDUCTASE, FADLOX (Denoux et al., 2008; Verger et al.,

2016). These findings suggest that ESMERALDA plays a central role in

modulating a signal related to pectin biosynthesis and/or a pectin-

mediated signal, influencing the state of cell adhesion. It has been

hypothesized that qua2-1 initiates a signal leading to the loss of cell

adhesion, and esmd1 may impact this pathway and restore cell

adhesion through modifications in the cell wall (Verger et al., 2016).

Oligogalacturonides (OGs) are considered as endogenous elicitors

that activate plant immunity and control developmental processes

(Ferrari et al., 2013; Lin et al., 2022) and the prime candidate that could

control cell adhesion in Arabidopsis (Verger et al., 2016). OGs are

oligomers released from plant cell walls upon partial degradation

of homogalacturonans by polygalacturonases (PGs) and or

polysaccharide lyases (PLLs) that can activate various signaling

pathways when perceived by cell wall receptors (Wolf, 2022).

However, this signal does not seem to involve the wall-associated

kinase receptor (WAK), as the loss of function of five WAK did not

affect esmd1’s ability to suppress the cell adhesion defect in qua2-1

(Kohorn et al., 2021). Therefore, identifying a potential OG signal

modified by the esmd1mutation in qua2-1, together with analyzing the

fine structure of pectins by oligoprofiling will advance our

understanding of the regulation of cell adhesion in plants.
Results

Are endogenous oligogalacturonides
involved in cell adhesion?

Since endogenous OGs could play a role in controlling cell

adhesion, we extracted endogenous OGs from dark-grown

hypocotyls and analyzed them by high-performance size
Frontiers in Plant Physiology 02
exclusion chromatography (HP-SEC) coupled with mass

spectrometry (Voxeur et al., 2019). We identified seven different

OGs with degrees of polymerization (DP) ranging from 2 to 5,

decorated with various methylation and oxidation statuses, whose

amount differed in Col-0, qua2-1, esmd1-1, and qua2-1/esmd1-1

mutants (Figure 1). Notably, all the extracted OGs were less

abundant in qua2-1, with a 50% to 30% decrease compared to the

wild type, depending on the OG considered. However, the average

quantity of most OGs was partially or fully restored by the esmd1-1

mutation, excepted GalA2Ox, and in some cases, the double mutant

exhibited even higher levels than the wild type. Statistically, only

GalA4Me and GalA4Me2 were significantly more abundant in

esmd1-1 and in the double mutant qua2-1/esmd1-1 compared to

qua2-1 (Figure 1). As there was no difference in the identity of

endogenous OGs, our results suggest that their overall amount is of

importance to mediate the recovery of cell adhesion in qua2-1/

esmd1-1.

As endogenous OGs production is related to the digestibility of

HG, which is directly influenced by the degrees/patterns of

methylesterification as well as the action of various polygalacturonases,

pectin and pectate lyases, we further investigated the fine structure of

homogalacturonans in the different genetic backgrounds.
Does the esmeralda1 mutation alters
homogalacturonans pattern?

To explore the structure of digestible HGs in different

genotypes, we enzymatically digested dried cell walls of dark-

grown seedlings of the various genotypes with a commercial

endo-polygalacturonase from Aspergillus aculeatus. The released

fragments were then analyzed by high-performance size exclusion

chromatography (HP-SEC) coupled with mass spectrometry. We

identified 92 HG fragments, including monomers, with distinct

degrees of methyl and O-acetyl esterification, some of which were

oxidized. Our results revealed that, independently of the total

amount of HGs hydrolyzed by trifluoroacetic acid (TFA)

(Supplementary Figure S1B), less HG fragments were released

from the total dried cell wall fractions in qua2-1 and the double

mutant compared to the wild type (Supplementary Figure S1C).

Conversely, this digestible fraction of HG, relative to the total

amount of HGs hydrolyzed by TFA (Figure 2A), remains

unchanged in the mutants compared to the wild type, despite a

slight decrease being observed. Since the qua2-1/esmd1-1 double

mutant shows a similar pectin defect to qua2-1 (Verger et al., 2016),

this suggests that the fraction of HGs sensitive to PGs digestion,

relative to the total amount of HGs, is not the main factor

responsible of the restoration of adhesion, as it is maintained

across the different genotypes (Figure 2A).

The identified OGs were grouped into five different categories

based on their substitution and oxidation state, reflecting the

homogalacturonans pattern. In qua2-1, there was a relative

decrease (50%) in the amount of methylesterified fragments

released compared to the wild type, and to esmd1-1 (Figure 2B).

In contrast, all other fragment categories were 1.5- to 4-fold more

abundant in qua2-1. This fingerprint analysis revealed a previously
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unidentified pectin modification in qua2-1, indicating a decrease in

methyl esterified HGs sensitive to polygalacturonase digestion. The

proportions of HGs pattern in the qua2-1/esmd1-1 double mutant

suggest that esmd1-1 restores the relative content of the five

fragment groups, resulting in a pattern almost indistinguishable

from that of the wild type (Figure 2B), without recovering HGs

quantity (Verger et al., 2016).

Further examination of the quantity of each of the five groups of

released HG fragments revealed that the oxidized fragments were more

abundant in qua2-1 compared to the wild type (Figure 2C). In contrast,

methyl-esterified fragments were less abundant in qua2-1. Except for

the oxidized and unsubstituted fragments, the quantities of the other

three groups were altered in the qua2-1/esmd1-1 double mutant but

different from qua2-1. It is worth mentioning that the pattern of HG

substitution was also altered in the single esmd1-1 mutant, where the

digestion of its cell wall released fewer acetyl and acetyl-methyl-

esterified fragments compared to the wild type (Figure 2C).

Among the 48 HG fragments significantly different between the

wild type and qua2-1, 30 were more abundant in the wild type, while

18 were more abundant in qua2-1 (Supplementary Figure S2A). In

the wild type, the accumulated fragments exhibited moderate degree

of methyl-esterification (2 to 5) with or without mono-acetyl-

esterification, whereas in qua2-1, they were highly methyl-esterified

(5 to 10), with or without acetyl-esterification (1-3). Thus, the

observed modifications in the methyl-esterified HG pattern in

qua2-1 suggest a defect in PMEs expression or activity.

The qua2 versus double mutant comparison reveals 46 HGs

fragment significantly different (Supplementary Figure S2C).

Among them, 12 methyl-esterified (*), 2 acetyl-esterified (°) and 2

methyl-acetyl-esterified (•) fragments were specific to esmd1-1

(Supplementary Figure S2C). The 34 remaining fragments display

the same profile in the qua2 versus wild-type comparison

(Supplementary Figure S2A).

Both esmd1-1HGs pattern features contribute to the restoration

of the proportion of digestible methyl-esterified pattern in qua2-1

background (Figure 2B). These results also indicate that the esmd1-

1 mutation reduces the acetyl-esterified pattern in the qua2-1

background, suggesting a higher activity of PAEs that restore the

proportion of acetyl-esterified and methyl- acetyl-esterified patterns

respectively (Figure 2B). The indirect regulation of HG methyl and

O-acetyl esterification patterns by the O-fucosyltransferase

ESMERALDA1 is further supported by the comparison between

esmd1-1 and the wild type (Supplementary Figure S2B).

Overall, giving that the fraction of HGs sensitive to PGs

digestion relative to the total amount of HGs remains unchanged,

it seems that esmd1-1 mutation restores the proportion of methyl

and/or acetylesterified pattern as well as the oxidized categories of

HGs in the double mutant. This specific modulation of HG pattern

including some similarities and divergencies with wild-type.

Additionally, we examined other cell wall polymers. Significant

variations were observed in qua2 compared to wild type for

galacturonate and arabinose monomers (Supplementary Figure S1A)

as previously mentioned (Du et al., 2020a) while minor differences are

noted for glucose and xylose (Siupplementary Fgure S1A).

Concurrently, we conducted an analysis of both the quantity and

structure of xyloglucans and assessed cellulose content in parallel.
Frontiers in Plant Physiology 03
While a notable enhancement in digestible xyloglucan is noted in qua2

compared to the wild type, as well as in the double mutant. All

xyloglucan fragments exhibit a similar proportion/distribution across

all genotypes except for a reduction in XXG and XXXG and an

increase in XLXG in qua2 (Supplementary Figures S3A, S3B).

Concerning cellulose, no alterations in content could be detected in

mutants compared to the wild type (Supplementary Figure S3C).
Which factors are responsible for changing
the pectin pattern of qua2, qua2/esmd1
and esmd1?

To gain a better understanding of how these modifications of

HG pattern occur in the various genotypes, we analyzed pectin

modifying enzymes expression. We performed RT-qPCR analysis

of the PME, PMEI and PAE multigenic families in four days-old

dark-grown seedlings. Among these genes(respectively 66, 76 and

12), only six exhibited significant expression variations across the

genotypes (Figure 3). In qua2-1, the expression of PME53 and

PME41 were increased compared to the wild type. These changes in

PME gene expression may contribute to the loss of cell adhesion in

quasimodo2. On the other hand, the expression of PMEI4 and

PME35 was repressed in the double mutant and esmd1-1 compared

to qua2-1 (Figure 3). These underexpressions may play a role in the

control of cell adhesion by the esmeralda1 mutation, restoring the

relative content of HG methyl-esterified pattern (Figure 2B, C).

Regarding PAEs, two genes exhibited similar expression variations.

The expressions of PAE7 and PAE12 seem to be repress in qua2-1

whereas in the double mutant, expressions are similar to the wild

type (Figure 3). The restoration of PAE expression supports the

rebalanced acetyl-esterified and/or methyl-acetyl-esterified patterns

in the double mutant (Figures 2B, C).

We produced and tested those proteins, which potentially

contribute to restoring the acetyl- and methylesterified pattern in

qua2, by application to the double mutant for 48 hours

(Supplementary Figure S4). It resulted in visible cell adhesion

defects only for PME35, PME53, and PMEI4 application

(Supplementary Figures S4L–N), while no effect was observed on

the wild type (Supplementary Figures S4E–G), underscoring their

significance in HG pattern management concerning cell adhesion.
Discussion

The mutation in the ESMERALDA1 gene has been shown to

restore the phenotypes of a number of mutants with cell adhesion

defects (Verger et al., 2016) including the qua1/gaut8mutant affected

in a galacturonosyl transferase, qua2 affected in a pectin

methyltransferase and friable1 affected in a rhamnosyltransferase.

Hence, ESMERALDA1 emerges as a pivotal and adaptable

component in regulating cell adhesion (Verger et al., 2016). The

esmd1 mutation results in reduced expression of the FADlox gene,

which is known to respond to pectic signals (Denoux et al., 2008),

without restoring the qua2 HG content defect (Verger et al., 2016).

While WAK receptors are recognized for their affinity to OGs
frontiersin.org
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(Kohorn and Kohorn, 2012) and were previously considered prime

candidates for mediating the ESMERALDA signal, the loss of

function of the five WAKs did not impede esmd1’s ability to

suppress cell adhesion defects (Kohorn et al., 2021). Consequently,

given the limited understanding of the activity and targeted substrate

of this putative O-fucosyltransferase, our study focused on how OG

and associated cell wall modifications in esmd1 could enable cell

adhesion. OGs stand out as plausible candidates for mediating diverse

signals that regulate cell adhesion in Arabidopsis. However, the role

of oligosaccharides in plants has primarily been explored through

exogenous applications (Branca et al., 1988; Denoux et al., 2008;

Sinclair et al., 2017; Voxeur et al., 2019).

In our study, we successfully identified endogenous OGs in dark-

grown hypocotyls. Notably, these endogenous OGs appeared to be of

low degrees of polymerization and esterification, indicating that the

plant may undergo cell wall remodeling through hydrolysis of HG by

enzymes of peculiar processivities generating small OGs. Intriguingly,

the esmdmutation restored the abundance of nearly all OGs in qua2

to levels equivalent to those found in the wild type. Some of these

OGs, previously identified as potential elicitors, such as the trimer of

galacturonic acid (GalA) known to trigger a dark-grown signal

(Sinclair et al., 2017), and GalA2Ox, an OG that accumulates

during later stages of Botrytis cinerea infection, were among those

restored. These findings collectively suggest that the overall quantity

of endogenous OGs restored by esmd in qua2 may correspond to an

eliciting threshold necessary to reinstate or uphold cell adhesion.

Regarding cell wall modifications, we found significant alterations

primarily in galacturonic acid and arabinose monomers in qua2,

consistent with previous studies (Mouille et al., 2007; Verger et al.,

2016; Du et al., 2020a) with lower levels of change observed in xylose

and glucose. Consequently, we focused our investigation on the

detailed analysis of pectic and xyloglucan patterns to elucidate the

fine structure of these polymers. Notably, cellulose quantity did not

emerge as a pivotal factor in our model, as no discernible differences

were observed among genotypes. However, recent evidence indicates

that the qua2 mutant affects both HGs quantity and crystalline

cellulose, along with microfibril orientation (Du et al., 2020a).

Despite similar digestible HG content across genotypes, detailed

analysis of pectins revealed that esmeralda1 restores a defective

proportion of methyl esterified, methyl acetyl esterified, and acetyl

esterified HGs in qua2. Recently, Barnes et al., 2022 showed that the

global DM is highest in qua2 compared to wild type and double

mutant. We would add, that the degree of the DM of qua2 is more

affected in the remodeling part of pectin due to its different HG

pattern. This restoration occurs through specific modulation of the

HG pattern, exhibiting both similarities and differences compared

to the wild type, resulting in an overall pattern almost

indistinguishable from the wild type (Figure 2B) as mentioned by

(Barnes et al., 2022), but without recovering HGs’ quantity (Verger

et al., 2016). This modulation potentially leads to the formation of

more cross-linkable microdomains interspersed (Barnes et al.,

2022) within the homogalacturonan domain or with other cell

wall polymers such as arabinogalactan proteins (AGPs), extensins,

or cellulose (Valentin et al., 2010; Hijazi et al., 2012; Nunes et al.,

2012; Sala et al., 2019, Hijazi et al, 2014), thereby enhancing

mechanical equilibrium and facilitating restoration of cell adhesion.
Frontiers in Plant Physiology 04
Additionally, qua2 appears to exhibit higher levels of

digestible xyloglucan, and the esmeralda1 mutation does not seem

to influence this characteristic. It is noteworthy that xyloglucans may

contribute to the maintenance of cell adhesion, as demonstrated by

immunolocalization studies (Ordaz-Ortiz et al., 2009). Furthermore,

xyloglucans play a crucial role in interlacing cellulose microfibrils and

are heavily involved in regulating cell wall extension. Loss of

xyloglucan can impact the mechanical properties and stability of

the microtubule cytoskeleton (Xiao et al., 2016). The fact that esmd1

mutation does not alter the digestible xyloglucan content in qua2may

suggest a combination of maintaining xyloglucan levels and restoring

the proportions of the homogalacturonan pattern, thereby facilitating

the maintenance of cell adhesion.

To gain deeper insights into how these pectin modifications are

orchestrated by the plant, we identified six genes encoding pectin

remodeling enzymes whose expression varies significantly and

correlates with the observed variations in pectic structure among

genotypes. The esmd1 mutation resulted in the underexpression of

PMEI4, which is known to regulate pectin de-methyl-esterification

during growth acceleration, although not directly affecting the growth

process itself (Pelletier et al., 2010).We can hypothesize that the growth

restoration by esmd1 in qua2 (Verger et al., 2016) may be linked to the

repression of PMEI4, indicating a growth process already initiated in

these mutants. Conversely, in the case of qua2, given its reduced

hypocotyl length (Mouille et al., 2007; Verger et al., 2016; Du et al.,

2020a) overexpression of PMEI4 may be likened to an untriggered or

dysfunctional growth acceleration. esmd1 also impact PME35, which

plays a role in regulating the mechanical resistance of supporting tissue

in Arabidopsis stems (Hongo et al., 2012). The underexpression of

these two genes in esmd1 and the double mutant may be necessary to

restore the proportion of methylesterified HGs pattern.

In qua2, PME53 and PME41 are overexpressed compared to the

wild type. Intriguingly, PME41 is also overexpressed in frb1

(Neumetzler et al., 2012) and regulated in various stress conditions

(Qu et al., 2011; Lionetti et al., 2012), suggesting that these genes may

contribute to an unstable pectic pattern, thereby leading to cell

adhesion defects in qua2. With the two PAE whose expression is

also deregulated, these PME may contribute to an unstable pectic

pattern, thereby leading to cell adhesion defects in qua2. Contrary to

the lack of effect of orange PME on cellular adhesion (Barnes et al.,

2022), the application of our candidates on the double mutant, in

particular PME35, PME53 and PMEI4, underlines their importance

in managing the HG pattern for cell adhesion.

In summary, our research sheds light on the involvement of

PMEs, PMEIs, and PAEs in cell adhesion. Given that these enzymes

belong to extensive multigenic families, conventional reverse

genetic methods often yield compensatory expression, resulting in

subtle phenotypes. However, by directing our focus toward a

specific biological phenomenon such as cell adhesion, we were

able to highlight the potential impact of pectin-modifying enzymes.

Thus, we propose that the restoration of cell adhesion in qua2-1 by

the esmd1-1 mutation is a multifaceted process involving the

production of endogenous OGs, fine-tuning of HGs pattern, and

transcriptional modulation of specific pectin-modifying enzymes,

suggesting a feedback loop regulation (see Figure 4). Further

exploration into the roles of these enzymes and the signaling
frontiersin.org

https://doi.org/10.3389/fphgy.2024.1441158
https://www.frontiersin.org/journals/plant-physiology
https://www.frontiersin.org


Grandjean et al. 10.3389/fphgy.2024.1441158
pathways implicated in this process will enhance our understanding of

the mechanisms governing cell adhesion in plants.
Experimental procedures

Plant material and growth conditions

Arabidopsis thaliana seedlings (150 seeds/genotype) were grown

in the dark at 21°C on solid medium (Agar 0.8%, Duchefa Biochemie)

supplemented with 0.328 g/L Ca(NO3)2 at pH 5.7. This medium was

only used for the endogenous OGs analysis. Otherwise, the

Arabidopsis thaliana seedlings were grown on liquid medium

H2O ultra-pure, supplemented

with 0.5 g/L of MES (Duchefa M1503.0100) buffered at pH 5.7

by adding KOH 0.04 M to

stabilize it. To synchronize germination, the seeds were cold-

treated for 48 hours. After exposure to light for 4 hours, the plates

were wrapped in two layers of aluminum foil and cultivated for 92

hours. To not disturb the dark grown condition, all cultures were

harvested in a dark room under green light.
Endogenous OGs extraction

Four biological replicates of 150 four-days-old dark-grown

seedlings per genotype were dissected in a dark room to isolate

the hypocotyls. The 150 hypocotyls were split into 3 tubes (50 in

each) and directly frozen. Subsequently, 300 µl of 70% ethanol were

added to each tube. The 3 tubes were then incubated in a
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thermomixer at 80°C for one hour. Ethanol-extracted OGs were

pooled in the same tube and dried in a speed vacuum concentrator

at room temperature. The resulting pellet was re-suspended in 100

µL of ultra-pure water, centrifuged, and the soluble fraction was

transferred in a vial and 10 ml was injected for MS analysis.
Enzymatic fingerprinting of
homogalacturonans and xyloglucan

Four biological replicates of approximately 300 four-days-old

dark-grown seedlings were harvested in a dark room and placed in

tubes containing 1 mL of 96% ethanol. The tubes were incubated in

a thermomixer at 80°C for one hour. The previous step with ethanol

was repeated for 20 min. The ethanol was then replaced with 1 mL

of acetone, and the tubes were incubated in a thermomixer at 25°C

for 20 minutes. This acetone wash step was repeated two more

times. The hypocotyls were dried in a speed vacuum concentrator at

room temperature overnight, and their dry weight was measured

(approximately 1-2 mg per sample). The samples were digested with

Aspergillus aculeatus endo-polygalacturonase M2 or Endo-cellulase

(Megazyme, Bray, Ireland) in 50 mM ammonium acetate buffer pH

5 at 37°C for 18 hours. After inactivating the enzyme by heating, the

digested fractions were collected for MS analysis.
OGs characterization and quantification by
LC/HRMS analysis

The endogenous OGs and the OGs released from the digestion

were analyzed using High-performance size-exclusion
FIGURE 1

Endogenous OGs. Truncated violin plot of peak area of endogenous OGs of 150 4-day-old dark grown dissected hypocotyls of Col-0, qua2-1,
qua2-1/esmd1-1 and esmd1-1. Oligogalacturonides (OGs) are named as follow: GalAxMey where the numbers x and y in subscripts indicates the
degree of polymerization and the number of methylations respectively. GalA, galacturonic acid; Me, methyl ester group; Ox, oxidation. Red line
represents the median, black line the quartiles, black dot represents biological replicate (n = 4 biological replicates per genotype). *, P < 0.05, Mann
& Whitney test.
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FIGURE 2

Fine structure of homogalacturonans. (A) Truncated violin plot of the quantity of HGs fragments & monomers released by PG Aspergillus aculeatus
digestion of dried cell wall seedlings 4 days dark grown of Col-0, qua2-1, qua2-1/esmd1-1 and esmd1-1. The quantity was calculated for 1 mg of
dried cell wall and normalized by the GalA released by TFA hydrolysis. The quantity of GalA hydrolyzed for 1 mg of dried cell wall of same samples
was analyzed by GC/MS (Supplementary Figure S1A) and subtracted to the equivalent quantity of rhamnose to get the quantity of HGs. HGs
fragments were quantified by LC/MS-MS according to Voxeur et al., 2019. Red line represents the median, black line the quartiles (n ≤ 4 biological
replicates per genotype). Mann-Whitney test. (B) Relative content of HGs fragments family released by Aspergillus aculeatus PG digestion of dried
cell wall of 4-days-old dark grown of seedlings Col-0, qua2-1, qua2-1/esmd1-1 and esmd1-1 (n ≤ 4 biological replicates per genotype). (C)
Truncated violin plot of sums of the quantity of the classes of HGs fragments released by Aspergillus aculeatus PG digestion of dried cell wall of 4-
days-old dark grown seedlings of Col-0, qua2-1, qua2-1/esmd1-1 and esmd1-1. HGs fragments were quantified by LC/MS according to Voxeur et al.,
2019. Red line represents the median, black line the quartiles, (n ≤ 4 biological replicates per genotype). *, P < 0.058, Mann-Whitney test.
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chromatography (HP-SEC) coupled with MS. The chromatographic

separation was performed on an ACQUITY UPLC Protein BEH SEC

Column (125 A°C, 1.7 mm, 4.6 mm x 300 mm) at a flow rate of 400

µL/min and a column oven temperature of 40°C. The MS detection

was performed in negative mode with the parameters described in the

supporting experimental procedures.
Frontiers in Plant Physiology 07
RNA extraction and RT-qPCR analysis

Five biological replicates of approximately 150 seedlings grown

in the dark for four days were harvested in a dark room. Total RNA

was isolated using the RNeasy Plant Mini Kit (Qiagen) with on-

column DNA digestion using Rnase-Free DNase (Qiagen). Two µg
FIGURE 4

Cell adhesion-pectins feedback loop.
FIGURE 3

PME/PMEI and PAE expression. Truncated violin plot of Normalized expression levels (log2) of PMEI4, PME, 35, 41, 53 and PAE 7 and 12, from 4-day-
old, etiolated seedlings of Col, qua2, esmd1 and qua2/esmd1 by RT-qPCR. APT1 & CLATHRIN were amplified as reference genes. Normalized
expression levels (log2) were calculated according to a normalization factor obtained from the 2 reference genes and calibrated to the expression of
the wild type (Taylor et al., 2019). Red line represents the median, black line the quartiles (n ≥ 5 biological replicates per genotype for PME and PMEI)
(n = 3 biological replicates per genotype for PAE). *, P < 0.05 and **, P < 0.01, ***, P < 0.001, Krustall Wallis test(Dunn’s multiple comparisons test).
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of total RNAs were used to synthesize cDNAs using RevertAid H

minus reverse transcriptase, according to the manufacturer’s

instructions Thermofisher. Transcript levels were assessed by

quantitative RT-PCR using a Light Cycler® 480 System

(ROCHE), as previously described by (Gutierrez et al., 2009). The

expression levels of the target genes were normalized to the

reference genes Clathrin (At5g46630) and APT1 (At1g27450),

which were selected with GENORM (Vandesompele et al., 2002),

according to the method described in (Taylor et al., 2019). The

primer sequences for RT-qPCR are provided in the supporting

Supplementary Table S1.
Statistical analyses

The Software used was Grapdprism 9. The multiple comparison

test applied is a non-parametric Krustall Wallis or Mann-Whitney

test for single comparison.
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Pelloux, Jérôme, Rustérucci, C., and Mellerowicz, E. J. (2007). New insights into
pectin methylesterase structure and function. Trends Plant Sci. 12, 267–775.
doi: 10.1016/j.tplants.2007.04.001
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