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ABSTRACT

Reproducibility in organ size and shape is a fascinating trait of living organisms. The mechanisms under-
lying such robustness remain, however, to be elucidated. Taking the sepal of Arabidopsis as a model, we
investigated whether variability of gene expression plays a role in variation of organ size and shape.
Previous work from our team identified cell-wall related genes as being enriched among the genes whose
expression is highly variable. We then hypothesized that the variation of measured morphological
parameters in cell-wall related single knockout mutants could be correlated with the variation in gene
expression of the corresponding gene (the knocked-out gene) in wild-type plants. We analyzed sepal size
and shape from 16 cell-wall mutants and found that sepal size variability correlates positively, not with

ARTICLE HISTORY
Received 4 November 2024
Revised 18 December 2024
Accepted 19 December 2024

KEYWORDS

Cell wall mutants;
morphological robustness;
Arabidopsis sepal; gene
expression variability

gene expression variation, but with mean gene expression of the corresponding gene in wild type. These
findings support a contribution of cell-wall related genes to the robustness of sepal size.

Introduction

Organisms of the same species typically exhibit a remarkably
reproducible morphological development despite high variability
at the cellular level. The invariant expression of phenotype in the
face of environmental and/or genetic perturbations, commonly
referred to as “robustness”," is indeed an important characteristic
of living beings.”* In plants, molecular mechanisms have been
found to modulate morphogenetic robustness to environmental
perturbations, as in the case of heat-shock proteins,” and to genetic
changes such as whole genome duplications.® Robustness, how-
ever, also refers to developmental stability despite systemic internal
noise.” Indeed, gene expression has an important stochastic com-
ponent attributed to a combination of external and internal noise,
as initially shown in bacteria.® In a multicellular context, such as
that of Arabidopsis plants, gene expression appears to be extremely
variable in time and space.”™"" In fact, when measuring variability
in gene expression at the whole-organism level, there are some
genes that exhibit very high variability between individuals. This
variability itself has been observed to differ between day and night,
for example, in Arabidopsis seedlings'* and between developmen-
tal stages in C. elegans'® and Drosophila.'* Development is, then,
not only robust to gene expression variability, but also, possibly
dependent on it.

In a recent paper, Hartasénchez et al.'® used the sepal of wild-
type Arabidopsis plants to identify modules of co-expressed genes
which co-vary with sepal morphology. Cell-wall related genes
were found to be over-represented in two of these modules. In
addition, highly variable genes were also enriched in cell-wall

related genes. Building upon these results, we wanted to check if
cell-wall related genes could be involved in the robustness of sepal
morphology. We selected a sample of 16 genes, and we studied the
corresponding mutants to evaluate the variability of their sepal
size and shape in relation to the variability of expression of the
corresponding gene in the wild-type sepal. Our results reveal
a positive correlation between the level of expression of the
genes in wild type and variability of size in the corresponding
mutants. Altogether, our work supports a contribution of highly
expressed cell-wall related genes to the robustness of sepal size.

Materials and methods
Plant material

Col-0 Arabidopsis thaliana plants were grown on soil at 20°C in
short day conditions (8 h light/16 h darkness) for 20 days
before being transferred to long day conditions (16 h light/8 h
darkness). Sepals were dissected from secondary inflorescences
after at least 10 siliques were formed. We assessed the final
shape of sepals (stage 13, according to Smyth et al.'®).

Mutants

Mutant seeds (from Col-0 background) were obtained from
well-characterized stocks'’ % or from SAIL and SALK collec-
tions maintained at NASC*"** as described in Supplementary
Table S1. Mutant plants were genotyped following O’Malley
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et al.”> except for csil-3 and prcl which have distinctive

phenotypes.

Extraction of morphological parameters from mutant lines

We analyzed sepal contours and quantified area, length, width,
and aspect ratio. We only analyzed these four geometrical
parameters because they were the only parameters in common
with the study relating gene expression to 3D sepal
morphology."” Briefly, we flattened the sepals between two
slides and took photographs with a black background under
a dissecting microscope, following Hong et al.>* We used
Python scripts® to segment and align sepals, and to extract
morphological parameters.”*

Data analysis

Raw data consisting of measurements of length, width, area,
and aspect ratio for control plants (Supplementary Table S2;
11 control batches) and for each mutant (Supplementary
Table S3; 16 mutants) were analyzed. The difference
between mutant and wild type (from the corresponding
control batch) for each morphological parameter was calcu-
lated as: [mean(mutantParameter) - mean-
(controlBatchParameter)]/mean(controlBatchParameter).

Since we are interested in the magnitude of this difference
and not its sign, we used this difference in absolute numbers
when testing for correlations. The squared coefficient of
variation (CV?) for each parameter was calculated as: [sd-
(mutantParameter)/mean(mutantParameter)]A2. The aver-
age gene expression for each mutant gene in wild type was

obtained from Hartasinchez et al.'”> (Supplementary Table
S4). Source data for Figures 1 and 2 are shown in
Supplementary Table S5.

Mutant subsampling

We ran 1000 subsampling replicates. In each replicate, we
extracted a random sample of 30 sepals (without replacement)
for each mutant. For each parameter and each replicate, we
tested if there was a correlation between the parameter’s CV>
(obtained from the 30 subsamples of each mutant) and the log
mean gene expression for the corresponding gene in wild type.
We obtained Pearson correlation coefficients (R) and p-values
for the 1000 correlation tests for each parameter.

Leave x-out experiments

We obtained Pearson correlation coefficients (R) and corre-
sponding p-values for Area, Length and Width CV? values
against gene type
a subselection of mutants. Leave 1-out experiments tested 16
correlations, leaving one mutant out at a time. Leave 2-out and
leave 3-out experiments tested 240 and 3360 correlations,
respectively, accounting for all possible combinations in
which two or three mutants were left out. The leave pmr6+x
experiments consisted in eliminating the PMR6 mutant from
the list and then performing the leave x-out experiments, with
15, 210 and 2730 combinations tested for pmr6 +1, pmr6 +2
and pmr6 +3, respectively.

mean expression in wild across
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Figure 1. a) Squared coefficient of variation (CV?) of gene expression against mean gene expression in wild-type (WT) Col-0 sepals for 16 mutant genes (in colors as
shown in the legend) over the corresponding values for 14,085 genes expressed in sepals (from Hartasanchez et al.’®: dark tan points). b & c) Effect (in absolute value,
denoted ‘abs’) of the knockout mutation of each gene on sepal area (corrected by sepal area in wild-type plants for each batch) against gene expression CVZin WT (b),
and against gene mean expression in WT (c). d & €) CV? of sepal area in knockout mutants against gene expression CV2 in WT (d), and against gene mean expression in
WT (e). Each colored point corresponds to one gene. Pearson correlation coefficient R and p-values are shown on the top in each plot. Gray solid line shows linear model
adjustment with standard error in tan shade. Gray dashed lines correspond to average CV? in area measurements in WT Col-0 control batches with dotted lines showing

average plus/minus one standard deviation.
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Figure 2. Squared coefficient of variation of sepal length (a), width (b) and aspect ratio (c) in knockout mutants against mean gene expression of the corresponding
mutant genes in wild-type (WT) Col-0 plants. Each point corresponds to one gene. Pearson correlation coefficient R and p-values are shown on the top in each plot. Gray
solid line shows linear model adjustment with standard error in tan shade. Gray dashed lines correspond to average CV? in length, width and aspect ratio measurements
in WT Col-0 control batches with dotted lines showing average plus/minus one standard deviation.

Results

To explore the link between cell-wall related gene expression
and robustness of sepal morphology, we decided to exploit
an unpublished mutant dataset previously produced by our
team.”® This mutant dataset had been generated in the con-
text of sepal phenotype exploration and contained data for
16 of the 718 cell-wall related genes expressed in sepal
(Table 1; Supplementary Table S1). The mutants had been
selected based on the following features: involvement of the
corresponding gene in synthesis or remodeling of cell wall

Table 1. Mutants for each of these 16 cell-wall related genes were analyzed.

components, relatively higher expression of the correspond-
ing gene in sepals compared to other organs at stage 12,%
and availability of mutants with T-DNA insertions in exons
(we considered one mutant allele for each of these genes).
The 16 corresponding genes can be grouped according to
their (putative) functions as follows (Table 1): six genes
encoding proteins related to cellulose [one hydrolase
(BETA GLUCOSIDASE 42), two interactors of the cellulose
synthase complex (CELLULOSE SYNTHASE-
INTERACTIVE PROTEIN 1 and COMPANION OF

GENE GENE ID RELATED TO INVOLVED IN or ENABLES
BETA GLUCOSIDASE 42 AT5G36890 CELLULOSE cellulose catabolic process
(BGLU42)
CELLULOSE SYNTHASE-INTERACTIVE PROTEIN 1 AT2G22125 CELLULOSE cellulose biosynthetic process
(csi)
COMPANION OF CELLULOSE SYNTHASE 1 AT1G45688 CELLULOSE linking cellulose synthase complex and
(ccn) microtubules
CELLULOSE SYNTHASE 6 AT5G64740 CELLULOSE cellulose biosynthetic process
(CESA6)
CELLULOSE SYNTHASE-LIKE D5 AT1G02730 CELLULOSE cellulose biosynthetic process
(CSLD5)
CELLULOSE SYNTHASE-LIKE G3 AT4G23990 CELLULOSE cellulose biosynthetic process
(CSLG3)
EXPANSIN A15 AT2G03090 CELLULOSE/ cell wall organization
(EXPA15) HEMICELLULOSE
PECTIN METHYLESTERASE 32 AT3G43270 PECTIN pectin catabolic process
(PME32)
PECTIN METHYLESTERASE INHIBITOR 3 AT5G20740 PECTIN negative regulation of pectin catabolic process
(PMEI3)
POWDERY MILDEW RESISTANT 6 AT3G54920 PECTIN pectin catabolic process
(PMR6)
MURUS 4 AT1G30620 PECTIN/ galactose metabolic process for cell wall
(MUR4) HEMICELLULOSE biogenesis
CELLULOSE SYNTHASE-LIKE C8 AT2G24630 HEMICELLULOSE cell wall organization
(CSLC8)
XYLOGLUCAN ENDOTRANSGLUCOSYLASE/HYDROLASE 15 AT4G14130 HEMICELLULOSE xyloglucan metabolic process
(XTH15)
XYLOGLUCAN ENDOTRANSGLUCOSYLASE/HYDROLASE 6 (XTH6) AT5G65730 HEMICELLULOSE xyloglucan metabolic process
XYLOGLUCAN ENDOTRANSGLUCOSYLASE/HYDROLASE 9 (XTH9) AT4G03210 HEMICELLULOSE xyloglucan metabolic process
GLYCOSYLTRANSFERASE 29A (GALT29A) AT1G08280 ARABINOGALACTAN protein glycosylation

PROTEINS
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CELLULOSE SYNTHASE 1), and three cellulose synthases
(CELLULOSE SYNTHASE 6, CELLULOSE SYNTHASE-
LIKE D5, CELLULOSE SYNTHASE-LIKE G3)]; one gene
encoding a protein related to cellulose and hemi-cellulose
[an expansin (EXPA15)]; three genes encoding proteins
related to pectin [a pectin methylesterase (PECTIN
METHYLESTERASE 32), a pectin methylesterase inhibitor
(PECTIN METHYLESTERASE INHIBITOR 2), and
a pectate lyase (POWDERY MILDEW RESISTANT 6)]; one
gene encoding a protein related to pectin and hemicellulose
[a protein involved in synthesis of nucleotide-arabinose and
necessary for arabinosylation of pectin and hemicellulose
(MURUS 4)]; four genes encoding proteins related to hemi-
cellulose [one glucan synthase (CELLULOSE SYNTHASE-
LIKE C8), and three xyloglucan endotransglucosylase/hydro-
lases (XTH15, XTH6, and XTH9)]; and one gene encoding
a protein related to arabinogalactan proteins [a glycosyl-
transferase (GLYCOSYLTRANSFERASE 29A)].

Because it is difficult to compare developmental stages
between mutant and wild-type plants, we focused on the size
and shape of sepals that had ceased growing (stage 13). For
each mutant and their corresponding wild-type controls
(Supplementary Table S2), we had obtained length, width,
area, and aspect ratio with samples ranging from 39 to 90 sepals
(see Materials and Methods & Supplementary Table S3). For
the level of expression of the corresponding genes in wild-type
sepals, we reasoned that transcriptome of sepals at stage 11
would be a good predictor of the final size of sepals (stage 13)
because stage 11 precedes growth cessation. Accordingly, we
used the data generated by Hartasanchez et al.'” composed of
transcriptomes of 27 individual sepals (stage 11) from Col-0
background generated by bulk RNA-seq (Supplementary Table
S4). Despite cell-wall related genes being enriched in highly
variable genes,'” the genes represented within our set of
mutants are widespread in both gene expression CV* and
mean gene expression levels, as shown in Figure la, in compar-
ison with the 14,085 genes expressed in sepals from
Hartasanchez et al."”

We first hypothesized that the level of expression of a given
gene in wild-type plants could predict the effect on morphology
of the corresponding knockout mutant. We thus examined if
knockout mutants of genes with higher expression in wild-type
plants exhibited a stronger phenotype (difference in morpholo-
gical parameters compared to wild type; see Materials and meth-
ods) than genes with lower expression. Our data (Supplementary
Table S5), however, shows no correlation between the size or
shape of mutant lines and the level of expression of the corre-
sponding gene in wild-type plants (Figure 1c).

We then hypothesized that genes with higher expression
variability in wild type would tend to be more important for
robust morphogenesis, and hence, when knocked out, would
have a stronger effect on sepal size and shape or their
variability. Again, this was not supported by the data
(Figure 1b-d; Supplementary Table S5). Finally, we hypothe-
sized that knocking down highly expressed genes in wild
type would prove more difficult to cope with than knocking
down genes with lower expression. Accordingly, mutant

phenotypic variability would correlate with the level of
gene expression in wild type. Indeed, there is a significant
correlation between the coefficient of variability (CV?) of the
mutant phenotypes (for area, length and width, but not
aspect ratio) and the log mean expression in the wild type
of the corresponding knocked out genes (Figures le and 2),
supporting the latter hypothesis.

We performed additional tests to ensure the strength of our
results. To confirm that sample size was not a confounding
factor given its difference across our mutant dataset (from 39
to 90; Supplementary Table S3), we examined the correlation
between parameter CV* and sample size over all mutants and
only found a marginally significant correlation value for Aspect
ratio CV?. In addition, we performed 1000 replicates of sub-
sampling experiments (see Materials and methods) obtaining
R and p-values for 1000 correlation tests for each of our four
parameters. Correlation p-values for Area CV* and Length
CV? were below 0.05 (significant) in 100% of replicates and
correlations for Width CV* were significant in 47% of repli-
cates. We then performed leave x-out experiments with x = {1,
2, 3} and calculated R and p-values for all possible combina-
tions (see Materials and methods). Area CV?* and Length CcV?
correlations with gene expression level are resilient to leaving 1,
2 and 3 mutants out, while many correlations for Width cv?
lose significance with the removal of 2 and 3 mutants
(Figure 3). Through these experiments we observed that
PMR6 was not only an outlier, but that its presence affected
the resilience of our main finding importantly. We hence
proceeded to repeat the leave x-out experiments but after
having completely removed PMR6 from the data. These leave
x-out experiments with x ={pmr6 +1, pmr6 +2, pmr6 +3}
reveal striking resilience of our results, with all correlations
tested being below the 0.05 significance threshold and most of
them depicting p-values below the one obtained for the com-
plete set of mutants despite smaller sample sizes in the leave
x-out experiments (Figure 3). These validations confirm that
the expression level of our set of cell-wall related genes in wild
type correlates with variability (and not average effect) in sepal
area, length and width of the corresponding mutant.

Discussion

Although several signaling pathways regulating organ size and
shape have been identified (reviewed in Powell and Lenhard®®)
the mechanisms behind morphological robustness have
remained elusive. More recently, a screen for mutants that
disrupted the robustness of sepal size and shape led to the
identification of genes involved in reproducibility of sepal
morphogenesis.”***** This work revealed that spatio-
temporal averaging of cellular variability, precise timing of
organ initiation, and growth balance between cell layers, are
required for precision in organ size and shape. The mechan-
isms underlying organ robustness, however, remain largely
enigmatic.

Robustness of organ size and shape is thought to be the
result of the complex interaction of genes within gene reg-
ulatory networks and environmental cues. Gene expression
variability can be considered, a priori, as a factor affecting
robustness. Hong et al.>* reported that cell-to-cell variability
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of growth is required for robustness of sepal shape and size,
opening the question of the role of variability in gene
expression in this process. Trinh et al.’’ found that an
increase in variability of gene expression impaired robust-
ness of sepal shape and size. To further assess the link
between gene expression variability and robustness, we
have evaluated sepal size and shape in cell-wall related
mutants. Therefore, we used mutants, not to search for
candidate genes involved in size and shape determination,
but to test the way in which knockout mutants of genes
putatively involved in robustness, such as cell-wall related
genes, affect sepal size and shape. Our results show that
knockouts of highly expressed genes are associated with an
increased phenotypic variability. In particular, highly
expressed cell-wall related genes in wild-type plants exhibit
larger morphological variation when knocked out than less

expressed genes, although levels of active proteins do not
necessarily correlate with RNA levels.

We can speculate that the effect caused by knocking out
highly expressed cell-wall genes is more difficult to buffer,
compared to lowly expressed cell-wall genes. There is knowl-
edge about capacitors of phenotypic variation, such as heat-
shock protein HSP90,” which limits the manifestation of cryp-
tic genetic variation allowing for developmental stability.*>
Additionally, the effect of the mutation of a gene can be
compensated by changes in the expression of other genes
(e.g, Hocq et al.”” and Sénéchal et al.**) possibly masking the
mutation. Our work suggests that the function of genes can be
revealed by analyzing variability of mutant phenotype instead
of their average phenotype. Our observation that cell-wall
related genes appear to be involved in buffering mechanisms
that allow for developmental robustness, adds to evidence of
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cell-wall related genes being important for organ size and
proportions.>

The set of mutants used in this study includes genes related
to cellulose, hemicellulose, and pectin (Table 1). The selection
of these genes was independent from the transcriptional study
of Hartasanchez et al.'® Among the mutants analyzed, mur4
has the largest effect in area, more than twice as that observed
for xth6 (Figure 1b,c). However, xth6 shows five times more
variability in sepal area than mur4 (Figure 1d,e). Although each
of the corresponding mutated genes is involved in a different
metabolic process, namely, galactose for MUR4 and xyloglucan
for XTHS, finding a mechanistic explanation for this difference
is not trivial. By comparing the xth6 phenotype with other
genes involved in xyloglucan metabolic processes, such as
XTHY and XTH15, we observe that among these three genes,
there is a negative correlation between Area CV” and gene
expression CV? in wild type (Figure 1d, purple points) and
a positive correlation between Area CV> in the mutant and
mean gene expression in wild type (Figure le, purple points).
Whereas the former correlation is lost when including the
other mutants, the latter holds and is statistically significant.
This implies that regardless of the metabolic process any of
these genes is involved in, the gene’s average expression in wild
type seems to be an important parameter determining the
variability in the effect of that gene’s knockdown mutation.

Testing for the resilience of our finding by performing leave
x-out experiments revealed that the correlations for Area CV>
and Length CV” were still significant after removal of one and
two mutants, but less so for Width CV>. These tests also con-
firmed that PMR6 was not only an outlier as could be noted by
eye inspection of Figures 1 and 2, but that its presence affected
the resilience of the results importantly. Regarding the reasons
why the PMR6 gene could be an outlier, we might speculate
that it is not directly involved in developmental robustness, as
opposed to the other genes. PMRG6 is a pectate-lyase that makes
Arabidopsis susceptible to powdery mildew.”® It appears that
pmr6 resistance is not due to the activation of known host
defense pathways but rather a novel form of resistance due to
the loss of a gene required for a compatible interaction. Its exact
function is not known, yet, it clearly affects cell wall composi-
tion and has pleiotropic effects on the plant,’® so there is no
clear reason why we would rule out the involvement of this
gene in sepal development or robust development. However, by
repeating the leave x-out experiments, but previously removing
the PMR6 gene from our list, the resilience of the correlation
between variability in mutant size and gene expression in wild
type is drastically increased (Figure 3).

Regarding the other genes found within our list, for example
those involved in cellulose synthesis, we might also speculate about
their role in developmental robustness. In mutants which have an
affected cellulose synthesis, mechanical stresses might be created,
setting off well known cell wall signaling events and potentially
leading to transient growth cessation. Cytoskeletal interactions
might also be involved in mechanical stress responses, involving
proteins linking the cellulose synthase complex to cortical micro-
tubules such as CSI1*” and CC1."” However, the number of
mutants investigated is too small to draw strong conclusions
about the relation between gene function and phenotypic varia-
bility of the mutant. We do not know whether this phenotypic

variability is a direct effect of cell wall modifications or involves
feedback from the cell wall on cell growth, through cell wall
integrity sensing and mechanosensing, for instance. Finally, we
have only characterized the transcriptional regulation of robust-
ness, discarding the potential role of signals (reactive oxygen
species, calcium, pH, etc.) that directly affect cell wall properties.

Nevertheless, this work contributes to the understanding of
how gene regulatory networks are related to developmental
robustness. It opens questions regarding the role played by the
level of expression of cell wall genes in the robustness of sepal size.
Our results point toward genes with higher expression levels being
more relevant, not for morphology, but for morphological
robustness.
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