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Highlight  

Cell wall modifications induced by α-XYLOSIDASE1, which is regulated by the transcription factor 

SEEDSTICK, determine seed and fruit size.  
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Abstract 

 Cell wall modifications are of pivotal importance during plant development. Among cell wall 

components, xyloglucans are the major hemicellulose polysaccharide in primary cell walls of dicots 

and non graminaceous monocots. They can connect the cellulose microfibril surface to affect cell 

wall mechanical properties. Changes in xyloglucan structure are known to play an important role 

regulating cell growth. Therefore, the degradation of xyloglucan is an important modification that 

alters the cell wall. The α-XYLOSIDASE1 (XYL1) gene encodes the only α-xylosidase acting on 

xyloglucans in Arabidopsis thaliana. Here, we show that mutation of XYL1 strongly influences seed 

size, seed germination, and fruit elongation. We found that the expression of XYL1 is directly 

regulated in developing seeds and fruit by the MADS-box transcription factor SEEDSTICK (STK). We 

demonstrate that XYL1 complements the stk smaller seed phenotype. Finally, by Atomic Force 

Microscopy (AFM), we investigate the role of XYL1 activity in maintaining cell stiffness and growth, 

confirming the importance of cell wall modulation in shaping organs.  

 

Keywords 

Cell wall, fruit growth, MADS-box, seed size, transcription factor, xyloglucan. 
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Abbreviations 

ABA - Abscisic acid 

ABS - ARABIDOPSIS B SISTER 

AFM - Atomic Force Microscopy 

AP2 - APETALA 2 

ARF - AUXIN RESPONSE FACTOR 

BAN - BANYULS/ANTHOCYANIDIN REDUCTASE 

bHLH - basic Helix-Loop-Helix 

CArG - MADS domain binding sites 

CAZY - Carbohydrate active enzymes 

CES - CESTA 

ChIP - Chromatin immunoprecipitation 

CKs - Cytokinin 

CKX - CYTOKININ OXIDASE/DEHYDROGENASE 

CSLC - CELLULOSE SYNTHASE-LIKE C 

CW - Cell wall 

DAP - Days after pollination 

FUL - FRUITFULL 

GA - Gibberellic acid 

GH31 - Glycoside hydrolase family 31 
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HEC3 - HECATE3 

NTT - NO TRANSMITTING TRACT 

PME - PECTIN METHYLESTERASE 

PMEI - PECTIN METHYLESTERASE INHIBITOR 

STK - SEEDSTICK 

TF - Transcription factor 

WT - Wild-type 

XyG - Xyloglucans 

XXT1- XYLOGLUCAN XYLOSYLTRANSFERASE 1  

XYL1 - α-XYLOSIDASE 
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Introduction 

The primary plant cell wall (CW) is composed of cellulose microfibrils embedded in a 

hydrated polysaccharide matrix composed of pectin and hemicelluloses (reviewed in Xiao et al., 

2016). Xyloglucans (XyG) are the most abundant hemicellulose in the dicot primary CW (reviewed in 

Pauly and Keegstra, 2016). XyGs are synthesized in the Golgi apparatus by glycan synthases and 

glycosyltransferases and are delivered to the CW via vesicular trafficking, where they can undergo 

structural maturation by apoplastic enzymes (Park and Cosgrove, 2012).  

The mechanical properties of the CW are of pivotal importance during development, and it has been 

shown that XyGs make an important contribution to CW extensibility (Sampedro et al., 2010, 2012; 

Park and Cosgrove, 2015; Shigeyama et al., 2016). In some XyG-related mutants, like the ones for 

XYLOGLUCAN XYLOSYLTRANSFERASE1 (XXT1) and XXT2 genes, the levels and patterns of cellulose 

synthesis are reduced, and this impacts CW mechanical properties, leading to the reduction of CW 

integrity, and rendering the cell sensitive to intrinsic and extrinsic mechanical perturbations (Xiao et 

al., 2016).  

CW remodeling is essential for anisotropic cell expansion (Bashline et al., 2014). The CW of cells in 

growing, elongating organs must be extensible but at the same time resist the tensile stress ( 

~10MPa) induced by turgor pressure, which would otherwise irreversibly expand the cell surface 

area 10 to 1000-fold (Cosgrove, 2016). The dynamics of the hemicellulose/cellulose crosslinks are 

thought to be the major factor controlling cell expansion rate, thus regulating plant growth (Iglesias 

et al., 2006).  

During the last years, multidisciplinary tools have been used to uncover the basis of physiological, 

biochemical, and molecular mechanisms leading to seed germination (Steinbrecher and Leubner-

Metzger, 2017). The dynamics of germination has emerged thus as an excellent model system in 

which an interdisciplinary effort has been made to combine methods from biophysics, engineering, 

and mathematical sciences providing a sharp focus on the mechanical understanding of plant biology 

processes. 

α-XYLOSIDASE1 encoded by XYL1, is classified as one of the carbohydrate-active enzymes (CAZY), 

specifically a member of the glycoside hydrolase family 31 (GH31) (Sampedro et al., 2001; Cantarel 

et al., 2009). Loss-of-function of XYL1 results in no detectable α-XYLOSIDASE activity (Sampedro et 

al., 2010). XYL1 has been shown to be important for fruit size determination and anisotropic growth 

of sepals (Sampedro et al., 2010; Günl and Pauly, 2011; Sechet et al., 2016). Despite the importance 

of α-XYLOSIDASE1 in conferring CW remodeling properties, the molecular control of XYL1 expression 
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is still unknown. More recently, viscoelastic properties of xyl1 mutants were examined using creep-

extension analysis and Force-Indentation experiments to elucidate the alterations of mechanical 

properties of different tissues like plant stems and flower meristems (Shigeyama et al., 2016; Zhao et 

al., 2019), confirming that XYL1 function is critical to maintain the rigidity of the primary CW of 

growing tissues. Since the use of xyl1 mutants is an excellent model to understand nanomechanics in 

plant systems, in this work, we used a multidisciplinary approach to investigate the network 

controlling XYL1 expression in seed and fruit size determination.  

In recent years, important regulators controlling CW architecture in seed and fruit development 

have been studied in Arabidopsis thaliana. Thanks to these advances, an extensive and hierarchical 

genetic model comprising transcription factor (TF) master regulators and their downstream targets 

acting in CW synthesis and modification have been determined (North et al., 2014; Voiniciuc et al., 

2015; Golz et al., 2018; Francoz et al., 2018). We recently demonstrated that the MADS-box TF STK is 

a fundamental regulator of seed development by virtue of its role in controlling CW properties. 

Phenotypically, the stk mutant is characterized by smaller seeds and shorter fruits than wild type 

(WT) (Pinyopich et al., 2003; Herrera-Ubaldo et al., 2019; Di Marzo et al., 2020a). We showed that 

STK controls pectin modification and cellulose biosynthesis (Ezquer et al., 2016). In addition, stk 

mutant cannot extrude the pectinaceous mucilage present in the seed coat upon hydration as in a 

WT plant (Ezquer et al., 2016). The specific control of STK over pectin modification via PECTIN 

METHYLESTERASE INHIBITOR 6 (PMEI6), influencing seed physiology, is necessary for proper 

mucilage extrusion and seed germination. However, this transcriptional control over PMEI6 does not 

affect the control of seed size and fruit size (Ezquer et al., 2016). Nevertheless, it has been reported 

that STK could impact seed size by regulating the seed coat cell cycle through E2Fa (Paolo et al., 

2021). Moreover, STK interacts with NO TRANSMITTING TRACT (NTT) to control genes involved in 

CW polysaccharide and lipid distribution in the transmitting tract to allow proper fertilization of the 

ovules (Herrera-Ubaldo et al., 2019). STK also interacts with CESTA (CES), a basic Helix-Loop-Helix 

(bHLH) TF to control the appropriate CW composition of the septum and consequently of the 

transmitting tract (Di Marzo et al., 2020b). Recently it has been also demonstrated that the AUXIN 

RESPONSE FACTOR 6 (ARF6) and ARF8 act with the MADS-box TF FRUITFULL (FUL) to promote fruit 

elongation via microRNA 172c (miR172c) inhibition of the floral-homeotic gene APETALA 2 (AP2) 

(José Ripoll et al., 2015) and that STK promotes fruit size determination through the regulation of 

cytokinin (CK) homeostasis (Di Marzo et al., 2020a).   

In this work, we demonstrate that XYL1 is transcriptionally regulated by STK during fruit and seed 

development. By mutant analysis, we also investigate the role of XYL1 in conferring CW physical and 
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mechanical properties, measuring the CW stiffness using Atomic Force Microscopy-based 

nanoindentation. This technique has emerged recently as a powerful technique to assess wall 

stiffness in plant tissues like seeds or floral meristems (Beauzamy et al., 2016; Fourquin et al., 2016; 

Ezquer et al., 2016; Zhao et al., 2019). 

 

Materials and Methods 

 

Plant Materials and Growth Conditions  

The xyl1 seed stock’s (Col-0 Background, T-DNA insertion line) originate from the GABI-KAT 

collection (line identifier 749G08). This allele, known as Atxyl1-2, was reported already in Sampedro 

et al 2010. The pXYL1-GUS lines expressed a 3-kb fragment of the XYL1 promoter starting 40 bp from 

the ATG were provided by J. Sampedro (Sampedro et al., 2010). The Arabidopsis stk mutant seed 

stocks were provided by M. Yanofsky (Pinyopich et al., 2003). This mutant line contains a 74-

nucleotide insertion close to the splice site of the third STK intron. Double mutant stk/xyl1 and stk 

pXYL1-GUS seed stocks were generated by crosses. The pSTK::STK-GFP marker-line used in this 

work was described in Mizzotti et al., (2014). Seeds were surface sterilized with 70% ethanol for 2 

minutes, 1% bleach for 5 minutes, then washed three times with sterile water. Seeds were then 

sown on MS medium (Murashige and Skoog, 1962) and germinated in petri dishes in a growth 

chamber (22°C and 16 hours-light). After 4 days, the seedlings were moved to soil and grown in a 

greenhouse (22°C and 16 hours-light). Mutants were screened using PCR and oligonucleotides 

(Supplementary Table 1) and consequently phenotyped. 

 

Seed, pistil and silique measurements 

For seed measurements, images were taken with a millimeter scale using a Leica MZ6 

stereomicroscope with 5 replicates and 50 seeds each. The images were analyzed using SmartGrain 

software (Tanabata et al., 2012), to quantify seed size (area size - AS) (refers to the total contents 

within the border), length (L) (longitudinal length) and width (W) (transverse to longitudinal length). 

The seed weight measurements were performed with dry seeds in batches of 500 and the weights of 

at least three replicates were measured for each seed lot and described in text with standard error 

(±). For pistil and silique length and width, photos were taken with a millimeter scale using a 

stereomicroscope with 5 replicates of 10 pistils and siliques for each genotype analyzed. The pistil 
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and silique length and width were analyzed with ImageJ software (Schneider et al., 2012). Statistical 

analyses were performed using Anova followed by Tukey's, honestly significant difference (HSD) test 

(p < 0.05, p < 0.01). 

 

Histochemical analysis  

The pXYL1-GUS marker line was stained for GUS expression to verify the XYL1 activity in 

ovules, seeds, pistils and siliques of WT compared to stk. Ovule and seed GUS staining was 

performed as described by Balanzà and co-workers (2016). The samples were analyzed using a Zeiss 

Axiophot D1 microscope equipped with differential interface contrast (DIC) optics. Images were 

recorded with an Axiocam MRc5 camera (Zeiss) using the Axiovision program (v.4.1). The pistil and 

silique XYL1 expression analyses were done as previously described in (Herrera-Ubaldo et al., 2019). 

 

qRT-PCR and Chromatin immunoprecipitation (ChIP) assays  

The RNA was extracted from pistils (stages 10-11-12) and siliques (stage 13-14 and 15-16) 

collected from the mutant and WT backgrounds. The RNA extracted from seeds (+3 and 4 DAP) was 

obtained by opening 10 siliques, under stereomicroscope, for each genotype. RNA was obtained 

using the NucleoSpin RNA, Mini kit for RNA purification (Macherey-Nagel) following the supplier's 

instructions. Total RNA was retro-transcribed using the iScriptTM gDNA Clear cDNA Synthesis kit 

(Bio-Rad) following the supplier’s instruction. The qRT-PCR assay was done in triplicate using three 

different biological replicates and three technical replicates within each sample. We used a Bio-Rad 

iCycler iQ optical system (software version 3.0a). The relative transcript enrichment of XYL1 was 

calculated by normalizing against two housekeeping genes (ACTIN and UBIQUITIN). Statistical 

differences were identified with the Student’s t test (** p < 0.01). 

The genomic region located 3 kb upstream of the start codon of XYL1 was analyzed to identify CArG 

box sequences with up to one base mismatch. ChIP experiments were performed as described in 

Ezquer et al., (2016). ChIP efficiency was determined using the first CArG box of the VDD gene as a 

positive control (Matias-Hernandez et al., 2010). Fold enrichment was calculated using ACTIN7 and 

previously reported formulae (Matias-Hernandez et al., 2010). Sequences of oligonucleotides used 

for qRT-PCR and ChIP analyses are listed in Supplementary Table 1. CArG box sequences in XYL1 

promoter are included in Supplementary Table 2. 
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Binary vector construction and Arabidopsis transformation 

For complementation assay the XYL1 locus was cloned from genomic DNA into the 

pDONR221 entry clone (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA), and successively 

into the modified version of pGWB,0 binary vector containing the STK promoter (pSTK::XYL1) and the 

T35S sequence. Arabidopsis plants were transformed with this construct using the Agrobacterium 

tumefaciens-mediated floral dip method (Clough and Bent, 1998). Transformant lines were obtained 

using BASTA as a selection agent. The presence of the construct was assessed by PCR. Sequences of 

oligonucleotides used are listed in Supplementary Table 1. 

  

AFM 

Atomic force microscopy (AFM) measurements were performed using a Nanowizard II (JPK, 

Berlin) on single pistils (before fertilization) or fruit at different developmental stages. Dissected 

valves were physically deposited on the surface of the slide and glued on a double-sided adhesive 

tape. To prevent significant changes in morphology or biochemistry of living cells, each sample was 

measured immediately. AFM force spectroscopy consists in imposing a controlled force (ranging 

from μN to tens of pN) to the sample by using a nanometric tip mounted on a micron size cantilever, 

and in monitoring the deflection of the cantilever, i.e., the applied force, as a consequence of its 

interaction with the surface (force-distance curves). When the tip is far from the surface there is no 

cantilever deflection, as there is no interaction between the sample and the tip. As the tip reaches 

the surface, a force is applied on the sample. As the force value increases, the sample is compressed. 

The softer the sample, the larger deformation is recorded. At a specific fixed maximum force value 

(force set point), the cantilever retracts to reach the initial rest position and the pressure is released 

from the sample surface. The cell stiffness is quantified by extracting the Young modulus (E) 

proportional to the ratio between the applied force and deformation. The force-displacement curves 

between contact and 200-nm deformation depth have been analyzed. The evaluation of cell’s elastic 

properties, described quantitatively through the Young Modulus, was obtained by force curves 

analysis with the Hertz-Sneddon contact mechanics for a paraboloidal tip (Sneddon, 1965; Lekka et 

al., 1999; Butt et al., 2005). Prior to mechanical experiments, imaging measurements were 

performed to localize the single cells. Images (50x50 μm2 or 30x30 μm2, 512x512 pixels) were 

acquired in contact mode in water. During that time, force maps (10x10 pixels grid, scan size of 2x2 

μm2) in the center of the cells were recorded. The force set point was set at 5 nN, the approach and 

retract speeds were kept at 2 μm/s and the length recorded was 2 μm in order to have a large 

portion of the curve recording the non-interaction region between the tip and the sample. The force 
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set point chosen allowed a small indentation of the cell, typically less than 200nm, to ensure to 

characterize specifically the cell wall properties without any influence by cell turgor. For a given 

sample type at least 20 cells were measured. Each cantilever (DNP10-C, Nominal Constant 0.24 N/m, 

Bruker Corporation) was calibrated before the force measurements both in air and in liquid using the 

Thermal Noise method (Hutter and Bechhoefer, 1993; Lévy and Maaloum, 2002).  

 

Germination test 

Fresh and non-dormant (stratified) seeds were used to verify the dormancy effects. To 

overcome dormancy, seeds were stratified at 4° C for 7 days (Millar et al., 2006). Seeds of WT 

(Columbia-0) and mutant plants were grown side-by-side under identical environmental conditions. 

Seeds were surface sterilized and placed on MS medium (Murashige and Skoog, 1962) without 

sucrose in a growth chamber (22°C and 16 hours-light). Germination was monitored at 24, 48 and 72 

hours after sowing and the experiment was performed with at least 5 replicates of 30-50 seeds for 

each mutant and WT. Seeds were scored as germinated when testa rupture was visible. Similar 

results were obtained with seed stocks from a second set of plants grown independently. 

 

Reciprocal crosses experiments 

Seed measurements and germination % of seeds obtained from reciprocal crosses were 

analyzed. The mutants stk and xyl1 were emasculated and then pollinated with WT and/or the 

respective mutant pollen. The seed measurements were obtained as described above from 3-5 

independent biological replicates. Germination % was scored based on testa rupture of 3-5 

independent replicates shown with Standard Deviation (SD). 

 

Mucilage detection and seed abscission analysis 

For mucilage release detection, seeds were stained with 0.01% (w/v) ruthenium red (Sigma-

Aldrich) solution for 90 min under constant agitation. After staining, samples were rinsed in 

deionized water prior to visualization according to Durand et al., (2009). Seeds were observed and 

photographed using a stereomicroscope. For seed abscission phenotype we followed the protocol 

described in Balanzà et al., (2016). 
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Xyloglucan analysis 

Approximately 50 mg of a silique pool stages 15 and 16 were homogenized in liquid nitrogen 

and washed three times with 1 mL acetone at room temperature. Dried samples were resuspended 

in 1 mL of 75% ethanol for 10 min and centrifuged at 3000g for 5 min. The supernatant, containing 

free xyloglucan oligosaccharides, was dried. Accessible xyloglucan was extracted from the 

precipitate, and MALDI-TOF spectra were obtained as previously described (Sampedro et al., 2017). 

Free oligosaccharides were resuspended in 100 µL of water and 2µL of each sample were mixed with 

12 µL of SDHB matrix and 2 µL of 1 mM maltohexaose, to use as an internal standard for 

quantification. Statistical differences were identified with the Student’s t test (** p < 0.05). 

 

Results 

 

SEEDSTICK regulates XYL1 expression  

Since both mutations, XYL1 and STK, result in a reduction in fruit length (Pinyopich et al., 2003; Günl 

and Pauly, 2011; Sechet et al., 2016; Shigeyama et al., 2016; Herrera-Ubaldo et al., 2019; Di Marzo et 

al., 2020a), we questioned whether the smaller seed and shorter silique phenotypes in stk mutant 

could be linked to a XYL1-dependent mechanism. To study the expression of XYL1, we analyzed the 

spatio-temporal activity of GUS controlled by a 3 kb XYL1 promoter (pXYL1). The GUS signal was 

detected in developing ovules and seeds until globular stage embryo and in developing pistils and 

siliques from stage 7 to stage 17-B (Fig. 1). Preceding fertilization, pXYL1 activity in stk ovules was 

similar to WT ovules. The signal was observed in the chalazal region of developing ovules until stage 

3-I (according to Schneitz et al., 1995), when the promoter activity is strongest (Fig. 1A). In the 

subsequent ovule stages the GUS signal drastically decreases (Fig. 1A). After fertilization, the pXYL1 

activity is evident throughout the seed starting from 1 day after pollination (1 DAP) until the embryo 

reaches the globular stage, and then it remains detectable up to the heart stage (Fig. 1A). In the stk 

mutant the pXYL1 signal was reduced or even absent with respect to WT. This reduction was evident 

in the seed coat (Fig. 1A).  

During WT pistil development, the pXYL1 was active from stage 7 to stage 10, in the abaxial and 

adaxial valve of the lateral domain, and in the abaxial margin of the medial domain from stage 10 to 

11 (Fig. 1B, C). The pXYL1 at stages 12 and 13 is active in the medial and lateral domain, in replum 

and valves (Fig. 1B, C, D). At these two stages, in the replum, the pXYL1 activity overlaps with STK 
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expression (Herrera-Ubaldo et al., 2019). The GUS expression driven by pXYL1 was lower in stk pistils 

when compared to WT (Fig. 1B, C, D) and no GUS signal was detected in the replum of stk at stages 

12 and 13 (Fig. 1B, C, D). After fertilization, from stages 14 to stage 17-B, the expression of XYL1 and 

STK overlaps in the replum, where the STK-GFP fusion protein has been already described up to 

stage 16 (Di Marzo et al., 2020a). However, XYL1 promoter activity increases up to the final stage 

(17-B) of silique elongation (Fig. 1D). In the stk mutant fruits, the pXYL1 was less active when 

compared to WT in the valves, while no GUS signal was detected in the replum up to stage 15. In 

contrast, a weak signal was detected in the last two stages of fruit development with respect to WT 

(Fig. 1D), suggesting that STK might be a regulator of XYL1 expression pattern. 

To confirm this hypothesis, we used qRT-PCR to analyze the amount of XYL1 mRNA in WT and stk 

pistils, siliques and seeds at different developmental stages. The mRNA levels of XYL1 were reduced 

in stk with respect to WT before fertilization in pistils (stages 10-11-12), during and after fertilization 

in silique at stages 13-14 and 15-16, but also in seeds at stages 3 and 4 DAP (Fig. 2A). To check 

whether STK could directly regulate XYL1 transcriptionally, we analyzed the sequence of the 

promoter region (3 kb upstream of the start codon) of XYL1 for the presence of MADS domain CArG-

box binding sites (Tilly et al., 1998). We identified eight putative CArG-boxes, and we designed 

primers spanning those genomic regions (Figure 2B and C, see also Supplementary Table 2. We 

performed a ChIP (chromatin immunoprecipitation) assay using anti-GFP antibodies and developing 

siliques (up to 6 DAP) of stk mutant plants that expressed pSTK::STK-GFP (Mizzotti et al., 2014). Of 

the eight CArG-boxes in the XYL1 promoter, the ChIP-qRT assay revealed significant enrichment for 

binding to the regions spanning CArG-boxes 2 and CArG-boxes 4-5 (Fig. 2B, C). Overall, these 

observations indicate that STK is a direct regulator of XYL1. 

 

XYL1 is required for seed and silique growth  

To characterize STK and XYL1 in different aspects of seed and silique growth, we performed 

a detailed characterization of mutants disrupted in the genes encoding them. Morphological 

parameters of seeds collected from stk, xyl1 and double mutant stk/xyl1 plants were quantified with 

SmartGrain software (Fig. 3A, B). The xyl1 seeds displayed a bigger seed area than WT and stk, which 

possesses a smaller seed area when compared to WT (Fig. 3A, B). We found that the increase in 

length and width of xyl1 seeds resulted in an increase in seed area, while in stk a significant decrease 

of the seed length caused a reduction of the seed area (Fig. 3A, B). The area of stk/xyl1 seeds was 

similar to that of stk without statistically significant differences compared to the single mutant (Fig. 
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3A, B). Seed weight was measured, WT seed weighing an average of 14.8 ± 0.20 ug/seed and a 

significant reduction in stk 13.6 ± 0.12 ug/seed. The xyl1 seeds possess a similar weight, 15.4 ± 0.34 

ug/seed, with respect to WT. Finally, the double mutant seeds stk/xyl1 weighed an average of 13.5 ± 

0.33 ug/seed similar to stk mutant. The mature ovules of the three mutants displayed no visible 

phenotypes with respect to WT at anthesis (Supplementary Fig. 1A) demonstrating the role of STK 

and XYL1 in determining seed size triggered upon fertilization.  

Recently it was shown that α-XYLOSIDASE1 plays a key role in CW loosening and seed germination, 

probably controlling a CW integrity signal affecting the regulation of abscisic acid (ABA) and 

gibberellin (GA) metabolism gene expression in germinating seeds (Shigeyama et al., 2016). To verify 

the impact of hemicellulose structural alterations, we analyzed in parallel the effects of stk and xyl1 

on seed germination. The effect of dormancy on germination was tested using freshly harvested and 

non-dormant seeds under the same conditions. Germination was observed 24, 48, and 72 h after 

sowing both freshly harvested seeds and non-dormant seeds. Interestingly, xyl1 fresh seeds 

displayed advanced germination (48.6 %) relative to WT (11.2 %) at 24 h (Table 1). Freshly harvested 

seeds of stk also displayed earlier germination, reaching 24.5 % germination before 24 h while non-

dormant stk seeds germinated in a similar way as the WT (43.3 % before 24 h with respect to 44.6 % 

for WT). On the other hand, non-additive effects identified in stk/xyl1 double mutant that displayed 

a similar germination profile as xyl1. A higher germination rate was also previously observed in 

freshly harvested seeds of two mutant alleles of XYL1 15 days after sowing (Sechet et al., 2016). Here 

we demonstrate that the germination potential of xyl1 seeds occurs at the first hours after harvest. 

Based on these observations, during the early stages of seed germination, xyl1 could be regulated by 

a yet to be discovered TF since the stk/xyl1 displayed a similar profile observed in xyl1. 

It was reported that the anticipated germination upon XYL1 mutation is determined by the 

endosperm (Sechet et al., 2016). It was recently described also that the stk smaller seed size 

phenotype is maternally determined (Pinyopich et al., 2003; Paolo et al., 2021). The seed coat is 

derived from the maternal ovule integuments therefore heterozygous F1 seeds contain zygotic 

tissues (embryo and endosperm), and this is surrounded by the maternal seed coat. Reciprocal 

crosses were performed to determine the maternal determinism of altered seed size and 

germination properties in the xyl1 and stk mutants (Supplementary Fig. 2A, B). Reciprocal crosses did 

not show differences in the stk and xyl1 seed size, pollinated with WT or the respective mutant 

pollen indicating the maternal origin of seed size character (Supplementary Fig. 2A). 

Germination rates (scored by testa rupture) for freshly harvested seeds showed that F1 seeds, 

harvested from stk mother plant pollinated with stk pollen, displayed the same phenotype as the F1 
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seeds from stk mother crossed with WT pollen (Supplementary Fig. 2B). Thus, the altered 

germination of stk seeds could result from defective STK in the seed coat layers. Germination rates 

for F1 seeds harvested from xyl1 mother plants pollinated with WT pollen, displayed the same 

phenotype as WT (Supplementary Fig. 2B). The xyl1 plants pollinated with mutant pollen produced 

seeds which displayed a higher percentage of germination with respect to the same mutant 

pollinated with WT pollen (Supplementary Fig. 2B). This is consistent with experiments reported by 

Sechet and collaborators (2016) confirming that XYL1 activity in zygotic tissues controls seed 

germination. 

We also investigated whether mutation in xyl1 and double mutation stk/xyl1 can affect seed 

mucilage extrusion since seed mucilage can positively influence the seed germination process 

(Western, 2012; Francoz et al., 2015). We observed that xyl1 displayed a WT mucilage extrusion 

profile based on Ruthenium red staining (Supplementary Fig. 3). Interestingly, stk/xyl1 displayed a 

stk-mucilage profile but showed a germination rate similar to xyl1. The mucilage phenotypes 

observed here corroborate with the mucilage role and their hydrogel properties, which enhance 

seed water uptake during imbibition to regulate seed germination (Zwieniecki et al., 2001).  

As mentioned before, STK is a positive regulator of silique size, and like mutants for XYL1, stk 

mutants develop shorter siliques (Pinyopich et al., 2003; Sampedro et al., 2010; Sechet et al., 2016; 

Herrera-Ubaldo et al., 2019; Di Marzo et al., 2020a). To compare the morphological effects caused 

by xyl1 and stk mutation during silique development, mature siliques at stage 17-B from mutant 

plants were measured with ImageJ software. Both xyl1 and stk displayed shorter siliques than WT, 

indicating the involvement of these two players in silique development (Fig. 3C, D). These 

differences between mutants and WT in length were not present at stage 13 when fertilization 

occurs. In fact, pistils of mutants were similar in length with respect to WT (Supplementary Fig. 1B, 

C), suggesting that the impact of these mutations occurs specifically during the fruit elongation 

process. The double mutant stk/xyl1 displayed a similar silique size pattern as the single mutants 

(Fig. 3C, D). The stk and stk/xyl1 lines presented a slightly reduced silique length with respect to the 

single xyl1 mutant (Fig. 3C, D). Interestingly, the silique shape of the stk/xyl1 double mutant was 

similar to the stk single mutant (Fig. 3C, D), although minor statistical differences were present in 

silique length quantification when compared to stk (p < 0.05), confirming that STK acts upstream to 

XYL1 to control the silique elongation process. Because xyl1 mutants have been characterized by an 

increase in fruit width (Sampedro et al., 2010; Shigeyama et al., 2016), we analyzed this phenotype 

in the single and double mutants (Fig. 3E, F) and also in pistils at stage 13 (Supplementary Fig. 1). The 

xyl1 mutant exhibited increased fruit width with respect to WT, while the single mutant stk and the 
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double mutant stk/xyl1 did not (Fig. 3E, F). The same results were obtained at fertilization where the 

xyl1 mutant pistils exhibited an increase in width, when compared to WT, while stk and stk/xyl1 

possess the same pistil width with respect to WT (Supplementary Fig. 1B, D).  

The stk mutant has also been shown to have a defect in seed abscission (Pinyopich et al., 2003; 

Balanzà et al., 2016). Seed attachment was then analyzed, as stk plants produce seeds well attached 

to the funiculus (Pinyopich et al., 2003). With the valves opened, xyl1 seeds were dehiscent, just as 

in WT plants. On the other hand, xyl1/stk seeds were indehiscent, as the stk single mutant 

(Supplementary Fig. 4). This suggests that seed dehiscence is controlled by STK, probably through a 

different pathway, which does not involve XYL1.  

 

XYL1 complements the stk smaller seed phenotype 

To investigate whether to what extent the defects in seed size and fruit elongation of stk 

fruit were due to the role of STK in activating XYL1 expression, we transformed the stk and xyl1 

single mutants with a construct expressing the XYL1 locus under the control of the STK promoter 

(pSTK::XYL1) (Kooiker et al., 2005; Simonini et al., 2012). We generated different lines expressing 

pSTK::XYL1, and we measured the seed size and silique length in the different genetic backgrounds 

(Fig. 4 and Supplementary Fig. 5).  

We observed that the seed size phenotype upon STK disruption is opposite that upon XYL1 

disruption (small seed size phenotype in stk, bigger seed size in xyl1 mutant, compared to WT, Fig. 

3A, B respectively). Interestingly, we found that the expression of pSTK::XYL1 in stk allowed the 

complementation of the seed size differences (area size). In five independent stk transformed lines, 

seeds expressing pSTK::XYL1 displayed a WT seed size phenotype (Fig. 4A, B). The recovery of the 

small seed size of stk into an increased WT-like seed size was accompanied by an increase in length 

and width of the seeds (Fig. 4A, B). We also found that the expression of pSTK::XYL1 in xyl1 

permitted the complementation of the seed size. In two independent xyl1 transformed lines, seeds 

expressing pSTK::XYL1 displayed a decreased and WT-like seed area size phenotype (Fig. 4A, B). The 

expression of pSTK::XYL1 in WT plants had no seed size effect (Fig. 4A, B).  

On the other hand, the silique length in xyl1 expressing pSTK::XYL1, in different independent lines, 

was not complemented and displayed the same length as the xyl1 mutant (Supplementary Fig. 5). 

This indicates that the restoration of XYL1 expression in the STK spatiotemporal domain is not 

sufficient to complement fruit elongation. We also analyzed stk mutant plant lines transformed with 
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pSTK::XYL1 and found that the stk short siliques could not be complemented by the insertion of the 

pSTK::XYL1 construct (Supplementary Fig. 5).  

 

Atomic Force Microscopy (AFM) indentation reveals differences in cell stiffness imposed by STK 

and XYL1 during silique elongation. 

 We investigated whether the altered silique growth of xyl1 and stk single mutants or stk/xyl1 

double mutants could translate into a measurable difference in the mechanical properties during the 

elongation process. Thus we investigated the stiffness of the cells comprising valves from pistils 

before fertilization (stage 12) and fruit at different developmental stages (14, 15, and stage 16) by 

Atomic Force Microscopy (AFM) (Fig. 5).  

In unfertilized pistils (stage 12), we found that neither single mutants stk and xyl1 nor double mutant 

stk/xyl1 displayed significantly different stiffness compared to WT (Fig. 5). This was also the case 

post-fertilization, when the fruit elongation process starts (stage 14). However, at stage 15, cell 

stiffness was significantly increased in xyl1 and in stk/xyl1 double mutants with respect to WT while 

stk mutants did not differ significantly from WT controls. At stage 16, cell stiffness increased in both 

xyl1 and stk/xyl1 mutant silique cells with respect to the WT (Fig. 5). stk cell siliques presented a 

slight increase in stiffness than WT, but this was not statistically significant. Overall, our observations 

indicate a significant increase in stiffness as fruit growth proceeds, and more specifically upon XYL1 

disruption. 

 

Accumulation of xyloglucan oligosaccharides is altered in elongating siliques 

We examined the xyloglucan composition in the different mutants by analyzing free 

xyloglucan oligosaccharides (XGOs) and accessible xyloglucan in developing siliques. For this 

experiment we collected a pool of siliques at stages 15 and 16 in which xyl1 showed an increased 

stiffness compared to WT (Fig. 6). 

Both XXXG and XXLG free oligosaccharides were detected in cell walls of xyl1 siliques, at 2.5 and 4.2 

nmol g-1 fresh weight respectively (Fig. 6A). However, they were not detected in stk or stk/xyl1 

siliques. When the composition of the enzyme-accessible xyloglucan from the same samples was 

analyzed, xyl1 siliques showed an accumulation of XXXG and XXLG subunits, but stk and stk/xyl1 

samples showed a similar composition to WT (Fig. 6B). The changes observed in xyl1 mutant agree 

with previous studies of developing pericarp (Shigeyama et al., 2016). 
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The analysis of both free oligosaccharides and accessible xyloglucan (Fig. 6A, B) suggests that the 

reduction in XYL1 expression in stk mutant is insufficient to block the digestion of XXXG and XXLG 

oligosaccharides or the accumulation of these subunits in polymeric xyloglucan. On the other hand, 

the lack of detectable oligosaccharides in stk/xyl1 double mutant, together with a xyloglucan 

composition similar to that of WT plants would suggest the presence of an α-xylosidase activity.  

 

Discussion 

 

STK controls XYL1 to drive seed and silique development 

 STK is a MADS-box TF, which is an essential regulator of many important processes during 

plant development. Since the initial report of the TF in 2003, which demonstrated a requirement for 

STK for normal funicular development and ovule identity, several other roles for STK have been 

elucidated (Pinyopich et al., 2003). STK was shown to be required for the correct formation of the 

endothelium (the innermost layer of the seed coat) in concert with another MADS-box domain gene, 

ARABIDOPSIS B SISTER (ABS) (Mizzotti et al., 2012). In addition, STK controls proanthocyanidin 

metabolism in the seed coat by controlling expression of BANYULS/ANTHOCYANIDIN REDUCTASE 

(BAN), a key enzyme in proanthocyanidin biosynthesis (Mizzotti et al., 2014). STK was also reported 

to be a repressor of lignin deposition in the seed abscission zone via negative regulation of HECATE 3 

(HEC3) (Balanzà et al., 2016). This finding is consistent with the phenotype observed here for stk and 

stk/xyl1, which showed seeds strongly attached to funiculus (Supplementary Fig. 4).  

Recently, STK was reported to interact with NTT and CES to control genes involved in CW 

polysaccharide and lipid distribution in gynoecium medial domain cells (Herrera-Ubaldo et al., 2019; 

Di Marzo et al., 2020b). STK was also found to be expressed during fruit development and 

maturation, showing expression from 3 to 12 DAP (Mizzotti et al., 2018). Lastly, it was recently 

demonstrated that STK may control degradation of cytokinins by transcriptionally regulating 

CYTOKININ OXIDASE/DEHYDROGENASE 7 (CKX7), and in so doing, exerts some control over the 

elongation of the fruit (Di Marzo et al., 2020a). Therefore, another CK-independent mechanism of 

STK fruit control could act via XYL1.  

Since the first report that XYL1 encodes α-XYLOSIDASE 20 years ago (Sampedro et al., 2001), 

numerous research groups have revealed the critical role of hemicellulose in plant development. 

XYL1 encodes for an apoplastic α-XYLOSIDASE able to generate Xyl from xyloglucan oligosaccharides 
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(Sampedro et al., 2001). Later, the expression pattern of XYL1 was reported in young and mature 

leaves, roots, in the apical and basal region of stems, flowers and siliques (Iglesias et al., 2006). 

Expression of XYL1 was also reported in cell types undergoing CW modifications such as trichomes, 

vasculature, stomata, and anther filaments (Sampedro et al., 2010). 

Guided by some similarities in expression patterns in pistil and fruit structures, we studied in detail 

the control of STK over XYL1 in ovule/seeds, pistil and fruit tissues. We analyzed pXYL1 activity in stk 

at specific time points covering those used for expression analysis, using the pXYL1::GUS construct 

(Fig. 1). The comparative spatio-temporal analysis of pXYL1::GUS pattern revealed a decreased signal 

in stk mutant with respect to WT, in particular in the seed coat, where STK protein is expressed 

(Mizzotti et al., 2014) (Fig. 1). The same result was obtained in a detailed characterization in siliques 

after fertilization. A decrease in GUS signal was detected in particular in replum, where the two 

genes are co-expressed (Di Marzo et al., 2020a and Fig. 1), and in the silique valves where only XYL1 

is expressed (Fig. 1). The quantification of XYL1 mRNA levels confirmed that XYL1 expression was 

lower in stk than in WT (Fig. 2). We also showed that STK is a direct regulator of XYL1 by 

demonstrating that STK can bind directly to specific regions of the XYL1 promoter (regions spanning 

CArG-boxes 2 and 4-5) (Fig. 2). These observations may form the basis for future studies to 

determine the impact or importance of each STK binding site on XYL gene expression. In this regard, 

it would be interesting to use partial (or combined) mutations of these XYL promoter sites to analyze 

how STK is deregulated in different reproductive tissues. Interestingly, to investigate whether the 

defect in seed size or fruit length in stk was due to the low levels of XYL1, we generated transgenic 

lines on stk mutants expressing the XYL1 locus under the control of the STK promoter. As shown in 

Fig. 4, the stk seed size was restored, indicating that the restoration of XYL1 expression in the stk 

mutant can complement the seed size. 

 

Lack of XYL1 affects seed and silique growth 

In this work we have characterized at the seed and fruit level xyl1, stk, and stk/xyl1 mutants. 

The xyl1 mutant displayed a bigger seed area with respect to WT caused by an increase in the width 

of that seeds (Fig. 3). A decrease of fruit length in xyl1 mutants was described previously, along with 

increased silique width caused by wider pericarp cells (Sampedro et al., 2010; Günl and Pauly, 2011; 

Sechet et al., 2016). We observed that stk mutants also have smaller seeds accompanied by a 

decrease in seed length (Fig. 3). The impact in the organ area by alterations in elongation processes 

could work in a similar way as it occurs in the siliques of stk mutant. In fact, the smaller stk fruit is a 
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consequence of the lack of cell valve elongation (Di Marzo et al., 2020a). We found that the stk/xyl1 

double mutant does not display an additive effect, and the double mutant phenotype resembled the 

stk single mutant (Fig. 3).  

In agreement with previously published work, we observed an increased pistil and silique width for 

the single mutant xyl1. However, the pistil and silique width of double mutant stk/xyl1 and the single 

mutant stk resembled that of WT (Fig. 3 and Supplementary Fig. 1).  

The introgression of pSTK::XYL1 construct into stk and xyl1 allowed complementation of the 

altered seed size but did not allow the complementation of the stk and xyl1 silique size (Fig. 4 and 

Supplementary Fig. 5).  

These observations indicate that the control of STK in seed size is fully dependent on the control of 

the expression of XYL1. These results also suggest that the proper balance between STK-XYL1 levels 

is determinant to maintain the proper seed growth. 

Regarding fruit growth, it seems that the control of STK in silique elongation is not dependent on the 

control of the expression of XYL1, and other factors are involved in the STK-dependent fruit 

elongation process. It has been shown that STK influences elongation via multiple pathways like 

controlling the expression of the FUL-AP2 pathway and through the regulation of CK concentrations 

(Di Marzo et al., 2020a). Therefore, one hypothesis is that these two pathways predominate with 

respect to the STK-XYL1 pathway.  

 

 

XYL1 disruption influences the mechanical properties and xyloglucan composition of elongating 

siliques  

 We demonstrate here that STK is critical for fine control of XYL1 expression in fruits during 

elongation process (Fig. 1). This could influence the mechanical properties of the fruit CW during 

elongation. To assess this, we used AFM to check how stk and xyl1 mutations can affect the 

nanomechanical properties of growing siliques (Fig. 5). We have detected the cell stiffness on valves 

cells because it has been demonstrated that increased fruit size results from the elongation of these 

cells (Vivian-Smith et al., 2001). Silique elongation, from fertilized pistils up to the final fruit size, is a 

process separated in a first brief phase in which cell division occurs and a subsequent step in which 

cell expansion and elongation predominate (Vivian-Smith and Koltunow, 1999).  
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We measured a significant increase in stiffness for the single mutant xyl1 and the double mutant 

stk/xyl1 at stage 15 forward, compared to stk and WT (Fig. 5). However, at stage 16, double mutant 

stk/xyl1 siliques showed similar stiffness to stk while xyl1 showed an increased stiffness compared to 

WT and its stiffness at stage 15 (Fig. 5). These data suggest that differences in cell stiffness during 

the silique elongation process depend on xyloglucan alterations.  

The composition analysis of the free xyloglucan oligosaccharides and accessible polymeric xyloglucan 

in developing siliques revealed differences between xyl1 and stk siliques. We detected an 

accumulation of XXXG and XXLG subunits in elongating xyl1 siliques, but stk siliques possessed a 

similar composition to WT (Fig. 6). We hypothesize that although the expression of XYL1 in stk is 

reduced but not null (Fig. 2), this may account for the normal xylosidase activity required to maintain 

normal xyloglucan homeostasis as reported by Monroe and collaborators (2003). The partial 

compensation of the xyl1 mechanical cell stiffness in the double mutant stk/xyl1 again confirms that 

STK acts upstream of XYL1 to regulate CW alterations and consequently cell stiffness, which is 

essential for normal silique elongation. Overall, we showed that the CW properties of stiffness and 

weakness coordinate silique expansion and, therefore, silique growth. Shigeyama and co-workers 

(2016) reported that silique epidermal cells upon disruption of XYL1 are longitudinally shorter and 

horizontally enlarged, and that the elasticity and viscosity (obtained by creep-extension analyses) of 

the CW in the elongating part of flower stem mutants were lower than WT. These findings, together 

with our data, support the role of XYL1 in controlling silique properties via CW stiffness. The AFM 

results presented here could be compared to the study of the viscoelastic properties reported in the 

literature on analogous mutants by creep-extension analysis or tensile testing (Tanimoto et al., 2000; 

Shigeyama et al., 2016). The decrease of elasticity in the xyl1 mutant measured by creep-extension 

analysis by Shigeyama and co-workers agree with our data showing an increase in stiffness 

measured by AFM force spectroscopy in developing siliques (Fig. 5), even if the two techniques differ 

in working principles, methods, and scale (mm vs. hundreds of nm). Namely, indentation techniques 

such as AFM give local mechanical information with high spatial and force resolution. At the same 

time, tensile testing provides measurements on the whole sample, which is stretched along one or 

two directions in order to extract its bulk elastic, viscoelastic, and plastic properties (Yakubov et al., 

2016). Furthermore, creep-extensions analysis measures the in-plane tensile mechanical properties, 

while AFM involves other mechanical details such as material deformation of the CW thickness 

(Milani et al., 2011). For example, it has been suggested that “in-plane” tensile mechanics is 

sensitive to the properties of the cellulose microfibril network, while out-of-plane indentation 

mechanics depends on the bendability and elasticity of the deformed cellulose and 

homogalacturonan networks (Zhang et al., 2019; Robinson and Durand-Smet, 2020). Overall, the 
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measured indentation Young modulus values are generally lower with respect to the values 

measured in tension (Bidhendi and Geitmann, 2016), and given the heterogeneous structure under 

investigation, the relation of tensile properties of the wall with the indentation measurements is a 

difficult task (Mosca et al., 2017).  

 

Proposed models 

 

 Because seed size in stk mutant was restored by the localized expression of XYL1 driven by 

the STK promoter, it follows that the control of hemicellulose homeostasis exerted via XYL1 is a 

major regulator of seed size control downstream of STK. Recently, it was reported that STK 

influences seed size via the cell cycle regulator E2Fa in the developing seed coat (Paolo et al., 2021). 

With this and previous evidence we hereby provide an updated model regarding the STK control of 

seed growth (Fig. 7A). 

Considering the fruit size, we hypothesize that STK acts upstream of, but not exclusively over, XYL1 

to control fruit length. This is consistent with our observations using AFM, which demonstrated that 

mechanically xyl1 mutant behaves in a different way with respect to stk and stk/xyl1. In a similar 

way, we show that altered XG composition of xyl1 is not observed in the stk and stk/xyl1 genetic 

backgrounds. The lack of detectable XG oligosaccharides in stk/xyl1 double mutant (where XYL1 

activity is not present) may suggest the presence of an alternative xylosidase activity. Alternatively, 

to CW control, STK also acts through a) hormonal homeostasis via cytokinin degradation and b) 

“non-cell autonomous” regulation of the transcriptional FUL-AP2 pathway to control fruit elongation 

(Di Marzo et al., 2020a). To prove or disprove this, further experiments should be done in the 

relevant mutants with altered fruit phenotypes to see if the regulation of xylosidase activity is 

central to these pathways to control fruit elongation or independent (Fig. 7B). 

Comprehensive CW models will aid in the redesign of plant CWs for the purpose of agronomically 

viable production, aiming to improve fundamental commercial traits such as seed and fruit yield, and 

fruit maturation processes. Here, we propose the integration of molecular, biochemical, 

developmental, and biophysical studies on a larger scale to determine the full potential of CW–

modifying agents for the modulation of differentiation processes.  
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Table 

 

Table 1.  Germination test of freshly harvested and non-dormant (stratified) seeds of stk, xyl1 and 

stk/xyl1 mutants compared to WT. 

 

Geno 

type 

Fresh harvested seed                   Non-dormant seeds 

24h 48h 72h 24h 48h 72h 

% SD % SD % SD % SD % SD % SD 

Col 11.2 2.3 42.8 1.6 77.4 1.5 44.6 1.5 75.2 2.2 90.8 3.4 

stk 24.5 1.9 77.2 3.52   91.3 1.7 43.3 1.4 83.8 2.7 91.5    1.8 

xyl1 48.6 2.5 87.3 4.9 94.8 5.6 60.7 1.7 93.7 4.1 95.25 2.8 

stk/xyl1 52.8 1.93 84.5 3.2 89.9 2.45 60.3 2 89.5 3.5 93.3 4.0 
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Figure Legends 

 

Fig. 1: Detailed spatiotemporal distribution of XYL promoter activity in stk ovule, seed, pistils and 

fruits compared to WT. 

(A) Stereomicroscope images showing pXYL1::GUS activity in stk and WT ovules, before fertilization, and 

seed after fertilization from 1 DAP (day after fertilization) to heart stage, ch: chalaza, sc: seed-coat, es: 

embryo sac, em: embryo; Scale bars: 20 and 50 µm. (B) Schematic representation and description of the 

various structures of pistils and fruits at stage 7 and 12 before fertilization, 13 during fertilization 

process and 17-B when the fruit reaches its maximum size and length; Scale bars: 1 mm. (C) Cross 

sections showing expression of pXYL1::GUS from stage 7 to 12 in stk and WT pistils; Scale bars: 100 µm. 

(D) Cross sections showing expression of pXYL1::GUS from stage 13 to 17-B in stk and WT fruits; Scale 

bars: 100 µm. 

 

Fig. 2: STK is a direct regulator of XYL1. 

A) Analysis of XYL1 expression before fertilization/pollination in carpels (stages 10, 11 and 12), in 

developing pistil and fruit from stage 13 to 16 and in seeds at stage 3-4 DAP in stk mutant compared to 

WT; Error bars represent the propagated error value of three technical replicate; Statistical analysis was 

performed using Student’s t test (** p < 0.01). (B) Representative ChIP experiment between pSTK::STK-

GFP and WT. Error bars represent the SD for three technical replicates. The fold enrichment was 

calculated against data for WT. Binding of STK to a CArG-box in the VERDANDI (VDD, CArG-1) promoter 

was used as a positive control. (C) Schematic representation of the localisation of the putative CArG-

boxes in the 3kb XYL1 promoter region (* indicate positive STK-binding regions based on ChIP 

experiment). 

 

Fig. 3: Seeds and silique phenotypes in stk and xyl1 single mutants and in the double mutant stk/xyl1 

compared to WT. 

A) Histogram representing seed size of the single and double mutants with respect to WT, with seed 

area, length and width of the seed; Error bars represent the SD. n = 300 seeds. Statistical analyses were 

performed using Anova followed by Tukey’s HSD test. Different letters indicate statistically significant 

differences (p< 0.01). Statistical differences among the various genotypes related to seed size are 

indicated in upper case text; lower case text is used to describe statistical differences related to seed 

length, and italicized lower case to describe seed width. B) Stereomicroscope images of stk, xyl1 and 

stk/xyl1 seeds compared to WT; Scale bar: 0.2 mm. C) Histogram representing fruit length of the single 

and double mutants with respect to WT; Error bars represent the SD. n = 50 siliques. Statistical analyses 
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were performed using Anova followed by Tukey’s HSD test. Different letters indicate statistically 

significant differences (p < 0.01). 

* Among stk and stk/xyl1 the statistically significant difference is p < 0.05. D) Stereomicroscope images 

of stk, xyl1 and stk/xyl1 siliques compared to WT at stage 17-B; Scale bar: 1 mm. E) Histogram 

representing fruit width of the single and double mutants with respect to WT. Error bars represent the 

SD. n = 50 siliques. Statistical analyses were performed using Anova followed by Tukey’s HSD test. 

Different letters indicate statistically significant differences (p < 0.01). F) Stereomicroscope images of 

stk, xyl1 and stk/xyl1 siliques compared to WT at stage 17-B with focus on fruit width; Scale bar: 1 mm.  

 

Fig. 4: Seed measurements of complementation experiment.  

(A) Histogram representing seed size of the single mutants stk and xyl1 complemented with pSTK::XYL 

respect to single mutants not transformed with pSTK::XYL and WT, with seed area, length and width of 

the seed; Error bars represent the SD. n = 300 seeds. Statistical differences among the various genotypes 

related to seed size are indicated in upper case text; lower case text is used to describe statistical 

differences related to seed length and italicized lower case to describe seed width. (B) Stereomicroscope 

images of the genotypes described above; Scale bar: 0.1 mm. Statistical analyses were performed using 

Anova followed by Tukey’s HSD test. Different letters indicate statistically significant differences (p < 

0.01) between each mutant and genotype lines with respect to WT. 

 

Fig. 5: AFM analysis on developing fruits. 

(A) Comparison of the apparent stiffness of stk, xyl1 and stk/xyl1 mutant fruits compared to WT at 

different developmental stages (stage 12 before fertilization, stages 14, 15 and 16 after fertilization 

during fruit elongation process) which are depicted at the bottom with respect to the box plots (scale 

bar: 1 mm). Stiffness values were extracted as Young Modulus values from the fit Hetz model of the 

force displacement curves in which each value represents the average Young modulus per cell square of 

over 100 force curves, with the associated SD. Differences between populations were evaluated 

statistically using a Wilcoxon rank-sum test (* p < 0.05, ** p < 0.01). (B) Stereomicroscope images of WT 

pistil and siliques at the stages analyzed in AFM experiment; Scale bar: 1mm. 
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Fig. 6: Xyloglucan characterization in siliques of stk, xyl1 and stk/xyl1. 

(A) Histogram representing free oligosaccharides extracted from siliques at stage 15-16 of stk, xyl1 and 

stk/xyl1 with respect to WT. Error bars represent the SD. n = 5. (B) Histogram representing the 

proportion of accessible xyloglucan extracted from the siliques of stk, xyl1 and stk/xyl1 with respect to 

WT. Error bars represent the SD. Statistical differences were identified with Student’s t test (** p < 

0.05). Mutants marked with asterisks were significantly different with respect to WT control or among 

them if connected. 

 

Fig. 7: Updated models for STK transcriptionally regulating XYL1 in the control of seed and fruit size. 

(A) Proposed model for seed growth controlled by STK upstream of XYL1; STK also controls directly E2Fa 

to regulate seed coat cell cycle (see also (Paolo et al., 2021)). (B) Proposed model for silique growth 

controlled by STK upstream of XYL1. STK directly controls Cytokinin (CKs) homeostasis activating CKX7 

and indirectly FUL which plays a crucial role in the valve elongation (see also (Di Marzo et al., 2020a)). 
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Fig. 1: Detailed spatiotemporal distribution of XYL promoter activity in stk ovule, seed, 

pistils and fruits compared to WT. 

(A) Stereomicroscope images showing pXYL1::GUS activity in stk and WT ovules, before 

fertilization, and seed after fertilization from 1 DAP (day after fertilization) to heart stage, ch: 

chalaza, sc: seed-coat, es: embryo sac, em: embryo; Scale bars: 20 and 50 µm. (B) Schematic 

representation and description of the various structures of pistils and fruits at stage 7 and 12 

before fertilization, 13 during fertilization process and 17-B when the fruit reaches its 

maximum size and length; Scale bars: 1 mm. (C) Cross sections showing expression of 

pXYL1::GUS from stage 7 to 12 in stk and WT pistils; Scale bars: 100 µm. (D) Cross sections 

showing expression of pXYL1::GUS from stage 13 to 17-B in stk and WT fruits; Scale bars: 

100 µm. 
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Fig. 2: STK is a direct regulator of XYL1. 

A) Analysis of XYL1 expression before fertilization/pollination in carpels (stages 10, 11 and 

12), in developing pistil and fruit from stage 13 to 16 and in seeds at stage 3-4 DAP in stk 

mutant compared to WT; Error bars represent the propagated error value of three technical 

replicate; Statistical analysis was performed using Student’s t test (** p < 0.01). (B) 

Representative ChIP experiment between pSTK::STK-GFP and WT. Error bars represent the 

SD for three technical replicates. The fold enrichment was calculated against data for WT. 

Binding of STK to a CArG-box in the VERDANDI (VDD, CArG-1) promoter was used as a 

positive control. (C) Schematic representation of the localisation of the putative CArG-boxes 

in the 3kb XYL1 promoter region (* indicate positive STK-binding regions based on ChIP 

experiment). 
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Fig. 3: Seeds and silique phenotypes in stk and xyl1 single mutants and in the double 

mutant stk/xyl1 compared to WT. 

A) Histogram representing seed size of the single and double mutants with respect to WT, with 

seed area, length and width of the seed; Error bars represent the SD. n = 300 seeds. Statistical 

analyses were performed using Anova followed by Tukey’s HSD test. Different letters indicate 

statistically significant differences (p< 0.01). Statistical differences among the various 

genotypes related to seed size are indicated in upper case text; lower case text is used to 

describe statistical differences related to seed length, and italicized lower case to describe seed 

width. B) Stereomicroscope images of stk, xyl1 and stk/xyl1 seeds compared to WT; Scale bar: 

0.2 mm. C) Histogram representing fruit length of the single and double mutants with respect 

to WT; Error bars represent the SD. n = 50 siliques. Statistical analyses were performed using 

Anova followed by Tukey’s HSD test. Different letters indicate statistically significant 

differences (p < 0.05 and p< 0.01). D) Stereomicroscope images of stk, xyl1 and stk/xyl1 

siliques compared to WT at stage 17-B; Scale bar: 1 mm. E) Histogram representing fruit width 

of the single and double mutants with respect to WT. Error bars represent the SD. n = 50 

siliques. Statistical analyses were performed using Anova followed by Tukey’s HSD test. 

Different letters indicate statistically significant differences (p < 0.01). F) Stereomicroscope 

images of stk, xyl1 and stk/xyl1 siliques compared to WT at stage 17-B with focus on fruit 

width; Scale bar: 1 mm.  
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Fig. 4: Seed measurements of complementation experiment.  

(A) Histogram representing seed size of the single mutants stk and xyl1 complemented with 

pSTK::XYL respect to single mutants not transformed with pSTK::XYL and WT, with seed area, 

length and width of the seed; Error bars represent the SD. n = 300 seeds. Statistical differences 

among the various genotypes related to seed size are indicated in upper case text; lower case 

text is used to describe statistical differences related to seed length and italicized lower case to 

describe seed width. (B) Stereomicroscope images of the genotypes described above; Scale 

bar: 0.1 mm. Statistical analyses were performed using Anova followed by Tukey’s HSD test. 

Different letters indicate statistically significant differences (p < 0.01) between each mutant 

and genotype lines with respect to WT. 
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Fig. 5: AFM analysis on developing fruits. 

(A) Comparison of the apparent stiffness of stk, xyl1 and stk/xyl1 mutant fruits compared to 

WT at different developmental stages (stage 12 before fertilization, stages 14, 15 and 16 after 

fertilization during fruit elongation process) which are depicted at the bottom with respect to 

the box plots (scale bar: 1 mm). Stiffness values were extracted as Young Modulus values from 

the fit Hetz model of the force displacement curves in which each value represents the average 

Young modulus per cell square of over 100 force curves, with the associated SD. Differences 

between populations were evaluated statistically using a Wilcoxon rank-sum test (* p < 0.05, 

** p < 0.01). (B) Stereomicroscope images of WT pistil and siliques at the stages analyzed in 

AFM experiment; Scale bar: 1mm. 
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Fig. 6: Xyloglucan characterization in siliques of stk, xyl1 and stk/xyl1. 

(A) Histogram representing free oligosaccharides extracted from siliques at stage 15-16 of stk, 

xyl1 and stk/xyl1 with respect to WT. Error bars represent the SD. n = 5. (B) Histogram 

representing the proportion of accessible xyloglucan extracted from the siliques of stk, xyl1 and 

stk/xyl1 with respect to WT. Error bars represent the SD. Statistical differences were identified 

with Student’s t test (** p < 0.05). Mutants marked with asterisks were significantly different 

with respect to WT control or among them if connected. 
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Fig. 7: Updated models for STK transcriptionally regulating XYL1 in the control of seed 

and fruit size. 

(A) Proposed model for seed growth controlled by STK upstream of XYL1; STK also controls 

directly E2Fa to regulate seed coat cell cycle (see also (Paolo et al., 2021)). (B) Proposed 

model for silique growth controlled by STK upstream of XYL1. STK directly controls 

Cytokinin (CKs) homeostasis activating CKX7 and indirectly FUL which plays a crucial role 

in the valve elongation (see also (Di Marzo et al., 2020a)). 
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