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Abstract (144/150 words) 23 
Fungal endophytes grow in the apoplastic space, in constant contact with the plant cell wall 24 
(CW) that hinders microbe progression, while representing a source of nutrients. Although 25 
numerous fungal CW modifying proteins have been identified, their role during host 26 
colonization remains underexplored. Here we show that the root-infecting plant pathogen 27 
Fusarium oxysporum (Fo) does not require its complete arsenal of cellulases to infect the host 28 
plant. Quite the opposite, Fo mutants impaired in cellulose degradation become hypervirulent 29 
by enhancing the secretion of virulence factors. On the other hand, the reduction on cellulase 30 
activity had a severe negative effect on saprophytic growth and microconidia production during 31 
the final stages of the Fo infection cycle. These findings enhance our understanding on the 32 
function of plant CW degradation on the outcome of host-microbe interactions and reveal an 33 
unexpected role of cellulose degradation in a pathogen's evolutionary success.  34 

 35 

Teaser (123 /125 character):  36 
Unexpectedly, fungi compromised in their capacity to degrade plant cellulose are hypervirulent 37 
but impaired in sporulation.  38 
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MAIN TEXT (12,054/15,000 words) 39 

Introduction 40 
Most plant-microbe interactions are initially established at the apoplast. Here, the plant CW 41 
constitutes a source of nutrients and a physical barrier for the intruder, making its modification 42 
an important aspect of microbe colonization of the host. The main components of plant CWs 43 
are the para-crystalline fibres of cellulose embedded in a matrix of hemicellulose, pectin, lignin 44 
and suberin (1–3). Ions and wall remodeling proteins modify the interactions between CW 45 
polysaccharides in muro changing the physicochemical properties and, consequently, the 46 
structure and function of the CW (4, 5). The CW composition is not homogenous among 47 
different plant species, tissues or even within a single cell (6). This molecular complexity forces 48 
plant-colonizing microbes to metabolically regulate the secretion of a broad set of CW 49 
modifying proteins (CWMP) required to loosen and digest the plant CWs they encounter (7, 50 
8). The majority of these CWMPs are CW degrading enzymes (CWDEs), including glycosyl-51 
hydrolases, lytic polysaccharide monooxygenases, pectate and pectin lyases, and esterases, 52 
which are further divided into different subgroups based on sequence similarity in the catalytic 53 
domain (9–13). Although all plant-colonizing microbes encode for CWMPs, it has been 54 
suggested that the role of these enzymes is more prominent in pathogens, which rely on their 55 
activity during host infection (14–18). However, so far the large functional redundancy of 56 
CWDEs has largely prevented a complete assessment of their role (19), since deletion of 57 
individual CWMEs genes do not generally affect the virulence of the pathogen (20). Fungi have 58 
evolved transcription factors that co-regulate the expression of CWMP groups based on the 59 
composition of their environment. Therefore, it has been suggested that targeting such master 60 
transcriptional regulators should allow the assessment of the role of a given group of CWMPs 61 
(21). 62 

In their co-evolution journey, while microbes adapted to loosen and break the host CWs, plants 63 
evolved to perceive these degradation products as damage-associated molecular patterns 64 
(DAMPs). These DAMPs, together with microbe-associated molecular patterns (MAMPs) such 65 
as fungal chitin (22), activate the plant pattern-triggered immunity against the intruder (23, 24). 66 
The best characterized CW-derived DAMPs are pectin-derived oligogalacturonides (OGs), 67 
resulting from pectinase activity (25–28). Cellulose degradation products, i.e., like cellobiose, 68 
have also been shown to induce plant defense and are, therefore, considered potential 69 
DAMPs, although their release upon microbe colonization has not yet been proven (25–27).  70 

The plant CW characteristics directly influence the communication between the two organisms. 71 
This is particularly relevant for plant response to microbes that mainly live in the apoplast, such 72 
as vascular fungi belonging to the Fusarium oxysporum (Fo) species complex, which are 73 
further classified into different formae speciales (ff.spp.) based on their host preference (29). 74 
Fos are soil-borne microbes that colonize the roots of many plant species, being responsible 75 
for the devastation of many economically important crops throughout the world (29). Fos are 76 
considered pathogenic when they cause plants to wilt and eventually die, which occurs 77 
because water flow and nutrient uptake are blocked by fungal proliferation inside the xylem. 78 
To reach the vascular system, Fo grows predominantly in the root apoplast (30, 31), making 79 
this fungus an ideal model to study CW-microbe interaction.  80 

Cellulose is the most abundant and most recalcitrant component of the CW that provides 81 
mechanical strength to the plant cells thanks to its paracrystalline structure (7). Consequently, 82 
its synthesis is tightly regulated in response to intruders, including Fo (32–34) cellulose is one 83 
of the main targets of microbial CWMPs. Pathogens secrete a broad range of cellulolytic 84 
enzymes (glycosyl-hydrolases (GHs) and lytic polysaccharide monooxygenases (AAs)) (16), 85 
suggesting that this family of enzymes should be essential for infection. An optimal degradation 86 
of complex carbohydrates requires a hierarchical metabolic response. In the case of crystalline 87 
cellulose, AAs disrupt the outermost crystalline part of the cellulose fiber, thereby allowing the 88 
remaining cellulases to participate in the degradation process (9, 10, 35). The transcriptional 89 
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regulation of fungal cellulases has been reported to be dependent on a conserved zinc 90 
binuclear cluster transcription factor named CLR1. CLR1 regulates the expression of 91 
cellulolytic enzymes in Neurospora crassa and other ascomycetes and is, therefore, required 92 
for growth on cellulose as the sole carbon source (7, 36, 37).  93 

Here we investigated the impact of cellulose degradation during microbe infection by 94 
identifying and targeting the orthologues of N. crassa CLR1 in Fo f.sp. conglutinans (Fo5176) 95 
and lycopersici (Fol4287),  pathogens of Arabidopsis thaliana and Solanum lycopersicum, 96 
respectively (38, 39). Unexpectedly, our data show that crystalline cellulose degradation is not 97 
only dispensable, but disadvantageous, for Fo infection, as shown by the increased virulence 98 
displayed by clr1 mutants. Using the model pathosystem Arabidopsis thaliana-Fo5176 ((33, 99 
34, 40, 41), we show that the clr1 mutant compensates for cellulose degradation deficiency by 100 
increasing the secretion of various virulence factors to compromise plant immune responses. 101 
On the other hand, the reduction of cellulose degradation capacity severely compromised 102 
fungal metabolism during its saprophytic growth, with dramatic consequences for its 103 
microconidia production. Taken together, our findings expand the current understanding of 104 
plant-microbe interactions, showing that the  cellulose is not the assumed central physical 105 
barrier against fungi, but a primary source of carbon to complete the pathogen’s life cycle in 106 
the plant. 107 
 108 
 109 
Results  110 
The transcriptional regulator CLR1 is required for efficient cellulose degradation by 111 
Fo5176  112 
To understand the role of Fo cellulases in root infection, we aimed to obtain a Fo5176 mutant 113 
impaired in cellulose degradation. Considering the large number of putative cellulases 114 
expressed by Fo5176 during root colonization (34) and their high functional redundancy, we 115 
chose to target the transcription factor CLR1, a master regulator of fungal cellulase expression 116 
previously identified in N. crassa (36). Using an in silico analysis, we found CLR1 orthologues 117 
in various Fusarium genomes, sharing a protein sequence identity above 70% and having the 118 
same DNA-binding domain sequence (Fig. 1A and 1B). Therefore, we generated a CLR1 null 119 
mutant in the previously described Fo5176 pSIX1::GFP background, which allows for 120 
monitoring Fo5176 colonization of the root vasculature (33, 41). We obtained deletion mutants 121 
lacking the entire CLR1 coding region (clr1-1 and clr1-2) and a complemented strain (clr1C) 122 
generated by reintroducing the wild-type pCLR1::CLR1 into the clr1-1 mutant background (Fig. 123 
S1). We first determined whether clr1 mutants were affected in stress response by growing 124 
them in control conditions (YPD), salt stress (NaCl), osmotic stress (Sorbitol), CW stress 125 
(Congo Red and Calcofluor) (42) as well as on minimal medium. There were no detectable 126 
differences in the colony phenotype of clr1 mutants compared to the wild type (WT) in any of 127 
these conditions (Fig. S2). Next, we evaluated the role of CLR1 in cellulose degradation by Fo 128 
by testing the ability of clr1-1, clr1C and WT to utilize different carbon sources such as sucrose, 129 
cellobiose and cellulose. Fungal growth on sucrose was similar across all genotypes (Fig. 1C 130 
and S3). The clr1-1 mutant exhibited a significant growth reduction on cellobiose and only 131 
showed residual growth on cellulose compared to WT or clr1C (Fig. 1C, 1D and S3). A similar 132 
phenotype was observed for clr1-2 (Fig. S4A). These data are similar to those described in N. 133 
crassa (36), indicating that the essential function of CLR1 in cellulose catabolism is conserved 134 
across different ascomycetes.  135 

Loss of CLR1 leads to faster colonization of the root cortex and xylem  136 
To determine whether Fo requires cellulose degradation to infect its plant hosts, we performed 137 
plate infection assays as described before (41). We monitored root vascular colonization by 138 
following GFP signal presence in the root vasculature at different days post-transfer (dpt) to 139 
spore-containing plates. Unexpectedly, we counted a significantly higher number of vascular 140 
penetrations of clr1-1 than WT at all time points, correlated with a higher expression of FoSIX1 141 
and an increased in planta fungal biomass at 7dpt measured by qRT-PCR, which was restored 142 
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to WT levels in the clr1C straine (Fig. 2A-C). A second isogenic mutant, clr1-2, also showed a 143 
higher capacity than WT to reach the host xylem (Fig. S4B). We therefore focused on the clr1-144 
1 mutant for further characterization. Using confocal microscopy, we observed that clr1-1 145 
advanced faster than WT through the epidermal apoplast as could be seen in the epidermis-146 
cortex interface at 3dpt with a significant higher frequency than the WT fungus (Fig. 2D and 147 
2F). These results indicate that clr1-1 is more efficient than WT in growing through the host 148 
CWs and reaching the xylem and might explain the higher levels of vascular invasion observed 149 
at later stages of the infection (Fig. 2A-C).  150 

At 7dpt, when the fungus is colonizing the vasculature in all roots, we observed a reduced 151 
expression of genes required for cellulose degradation in clr1-1 compared to WT including 152 
endoglucanase, glycosyl hydrolase family 5 member, two AA9 enzymes, and a periplasmic  -153 
glucanase, as well as for sugar metabolism such as a plasma membrane hexose transporter 154 
and an intracellular  -glucanase (Fig 2G). These are orthologues of  N. crassa  genes 155 
previously reported to be regulated by CLR1 during growth on cellulose (43). Importantly, we 156 
detected a lower amount of residual cellulose in roots infected with WT compared to those 157 
infected with  clr1 (Fig. 2H), in line with the results of growth on cellulose (Fig. 1C). Taken 158 
together, our data reveal that CLR1 is required by Fo for efficient degradation of cellulose 159 
during root colonization but dispensable for reaching the plant vasculature. 160 

Arabidopsis defense response is delayed upon clr1-1 infection compared to WT  161 
The reduction in cellulase activity observed in clr1-1 might reduce the amount and/or nature 162 
of the CW-derived DAMPs generated by this mutant compared to the WTs. Therefore, the 163 
increased virulence of the cellulase-deficient clr1 mutant might be a consequence of an 164 
impaire activation of plant immune responses. To address  this hypothesis, we measured the 165 
expression of three genes previously reported to be activated in Arabidopsis roots infected by 166 
Fo5176; At1g51890, WKRY45 and WKRY53 (33, 44). At 2 and 3dpt, the expression of the 167 
three defense genes was lower in plants infected with clr1 than WT (Fig. 3A). These 168 
differences progressively disappeared with the increased vascular colonization. At 7dpt, when 169 
the xylem was abundantly occupied by clr1-1, the plant defense gene expression was higher 170 
than in roots infected with WT (Fig. 3A). These findings suggested that the higher number of 171 
vascular penetrations observed upon clr1-1 infection (Fig. 2A) might be a consequence of 172 
delayed activation of defense related genes during the early stages of the interaction. 173 

We next tested whether external addition of CW-derived DAMPs could reducere the virulence 174 
of clr1-1 to WT levels. We used cellobiose, a cellulose-degradation product confirmed to 175 
induce plant defense (27), to prime the root immune system. We pretreated plants for 25 176 
minutes with this molecule before transferring them to plates containing 2-day-old WT or clr1-177 
1 mycelium. We confirmed that cellobiose-induced root-defense priming returned the plant 178 
susceptibility of clr1 to WT levels (Fig. 3B). 179 

Different amounts of CW degradation products accumulate upon clr1-1 infection  180 
The reduced cellulose degradation and the concomitant absence or decrease of cellobiose in 181 
the apoplast during clr1-1 infection might explain the delay in perception of this mutant by the 182 
root and its increased virulence t. To test this idea, we measured the oligosaccharides derived 183 
from plant CW degradation by Fo5176 using HP-SEC-MS/MS (45). By employing different 184 
commercial standards to identify the different hexoses and saturated OGs (Fig. 4A), we 185 
identified cellobiose in Fo5176-infected but not mock-treated roots confirming its predicted role 186 
as DAMP. Our results showed a shift in the di-hexose profiles from sucrose- to cellobiose-187 
enriched at 2dpt and 3dpt, respectively (Fig. 4B). From 3 dpt on the amount of di-hexoses, 188 
mainly cellobiose, was higher during infection with clr1-1 compared with then WT (Fig. 4B and 189 
S5). The HP-SEC-MS results indicate that the impaired capacity of the root to detect clr1-1 190 
can not be explained by a reduced release of cellobiose by the mutant. Therefore, we studied 191 
the OGs produced by Fo5176 and identified acetylated OGs as a main product of plant CW 192 
degradation by both clr1 and WTi (Fig. 4B, 4D, 4E and S5). Moreover, less OGs were detected 193 
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during clr1 infection compared to WT-infected roots, especially at 3 and 4dpt (Fig 4C-E and 194 
S5). This difference was statistically significant for Gal4Ac and Gal2ox (Fig. 4E and 4D). The 195 
decreased accumulation of OGs during the early stages of plant infection is in line with the 196 
compromised perception of clr1-1 by the root. We detected significant differences in the 197 
amount of plant CW-degradation products in WT- and clr1-1 infected roots, that might act as 198 
DAMPs. Therefore, we next tested whether WT-generated DAMPs can restore plant 199 
susceptibility to clr1-1 by performingplate infection assays using the same number of 200 
microconidia concentration of the clr1-1, WT or both (50% WT+50% clr1-1). We expected to 201 
see a decrease in clr1-1 virulence proportional to the concentration of WT spores in the mixed 202 
treatment if DAMP accumulation is the main reason for the differential plant susceptibility to 203 
clr1-1 and WT6. By contrast, we found that the 50%-mixed infection displayed the same 204 
pathogenicity as clr1-1 alone (Fig. S6A), observing a decrease in xylem penetration only when 205 
90% of the spores were WT (Fig. S6B). Our data indicate that although clr1-1 infection 206 
generates different amounts of CW-degradation products than WT, they alone do not explain 207 
clr1-1 higher pathogenicity. 208 

clr1-1 secretes more virulence factors than WT during root colonization  209 
Pathogenicity relies on the ability of microorganisms to evade the MAMP- and DAMP-induced 210 
host defenses using secreted and cell-surface localised virulence factors (46). We performed 211 
proteomic analysis of the secretomes of WT and clr1-1 during plant infection to determine 212 
whether differences in their profile of secreted virulence factors could explain the higher 213 
virulencey of clr1-1. Seedlings growing in hydroponics were inoculated with either WT or clr1-214 
1 microconidia. 362 fungal proteins were identified, 75% with predicted secretory signal 215 
peptides. Of these, more than 50% belong to groups considered as virulence factors in other 216 
plant pathogens such as F. graminearum (46), including glycosyl hydrolases (26%), 217 
peptidases (13%), redox-related proteins (10%) and pectin and pectate lyases (4%) (Fig. 5A).  218 

As expected, we found a significant reduction in the abundance of proteins required for 219 
cellulose degradation in the clr1-1 secretome (Fig. 5B and Table 1), including GH5 (g17181), 220 
GH6 (g15944), and GH7 (g873) which are predicted to exhibit cellulolytic activity (47), as well 221 
as AA9s that make crystalline cellulose accessible to cellulases (10). These data confirm the 222 
downregulation of cellulase-related genes observed in clr1-1 and explain its reduced capacity 223 
to degrade cellulose (Fig. 1C, 2D, 2F, 2G, and S3).  224 

In contrast, we found an increased presence of other virulence factors in the secretome of clr1-225 
1 compared to that of WT (Fig. 5B and Table 1). Interestingly, clr1-1 releases increased 226 
amounts of a protein (g2038) annotated as a cutinase, which was reported to be essential for 227 
virulence of necrotrophic fungal pathogens (48). Additionally, we found an increase in pectin 228 
and pectate lyases in the clr1-1 secretome (49–51). Similarly, a set of 8 peptidases previously 229 
described as critical virulence factors (52), were more abundant in the clr1-1 secretome. These 230 
included 4 subtilases and fungalysin, among others (Table 1). The subtilases are able to 231 
degrade plant proteins with antifungal activity, such as β1-3 glucanases (53). The fungalysin 232 
proteins compromise host defense by cleaving class IV plant chitinases, preventing the release 233 
of the MAMP chitin and, as such, have been reported to be necessary for the virulence of 234 
several plant pathogenic filamentous ascomycetes, including Ustilago maydis, F. oxysporum f 235 
sp. lycopersici (Fol), F. verticillioides and Colletotrichum graminicola (54–57). Finally, we 236 
noticed an enrichment in a chitin deacetylase, whose orthologs impede chitin-triggered 237 
immunity in cotton by converting chitin oligomers into ligand-inactive molecules like chitosan 238 
(58). Our data indicate that clr1-1 reduces the plant detection of its chitin, which could explain 239 
its increased virulence and the reduced host defense (Fig 5A). To test this possibility, we 240 
performed a chitin-dependent defense priming assay as previously done for cellobiose (Fig 241 
5b). Indeed, when roots were pre-treated with chitin, the plant susceptibility to clr1 was 242 
indistinguishable from that observed against WT Fo5176 (Fig. 5C).  243 
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We next investigated the role of sugar availability on the up-regulation of the virulence factors 244 
enriched in the clr1-1 secretome. We measured the expression of six of these genes (g16048, 245 
g2038,g7764,g1489,g15789 and g11385) in WT and clr1 grown on sucrose media or on roots 246 
at 7dpt. We observed an increase in the expression in all the cases except with the subtilisin 247 
(g1489) in plants infected by clr1-1 compared to WT, while no differences were observed 248 
between the strains grown on sucrose (Fig. 5D-E). These results suggest that clr1-1 increases 249 
both the expression and secretion of various virulence factors to compensate for its decreased 250 
ability to utilize cellulose as a primary carbon source.  251 

CLR1 is essential to complete F. oxysporum life cycle  252 
Our data indicated that CLR1 is not required for Fo5176 to reach and enter the xylem and 253 
question the biological relevance of this transcription factor in Fo growth in planta. To shed 254 
light on this, we studied the temporal transcriptional regulation of CLR1 in infected roots. CLR1 255 
expression increased significantly from 4dpt on, especially after 5dpt (Fig. 6A), growing 256 
exponentially until 7dpt, when Fo5176 had already proliferated in the vasculature. This 257 
suggests that cellulases might have a critical role in the final infection stages. We therefore 258 
explored CLR1 function during the final phase of the host-fungus interaction, saprophytic 259 
growth, which is an important part of the Fo life cycle. When Fo5176 was grown for 4 days on 260 
dead or living plants, we observed 3 times more expression of CLR1 under saprophytic than 261 
under hemibiotrophic growth conditions (Fig. 6B). The last step of a fungal life cycle is the 262 
production of spores. Therefore, we tested the impact of CLR1 on microconidia production on 263 
dead seedlings. Our data showed that the WT and clr1C produced five times more 264 
microconidia than clr1-1 (Fig. 6C). Taken together, these findings indicate that CLR1 is 265 
essential for saprophytic growth and spore production of Fo on dead plant tissue. 266 

The role of CLR1 in Fo infection is conserved among different pathosystems  267 
The F. oxysporum species complex contains different host specific plant pathogens, for some 268 
of which we also found CLR1 orthologues with a protein sequence similarity of 95.69% with 269 
the Fo5165 CLR1 and the same DNA-binding sequence (Fig. 1A and 1B). Thus, we asked 270 
whether the increased virulence displayed by clr1-1 in the Arabidopsis-Fo5176 interaction is 271 
conserved among pathosystems. To answer this question, we generated a CLR1 null mutant 272 
in the tomato-infecting Fo, Fol4287, and the corresponding clr1C complemented line (Fig. S7). 273 
Similar to Fo5176, tomato plants infected with Fol strains, a higher virulence of clr1-1 mutant 274 
compared to the WT was observed, while clr1C was similar to WT (Fig. 7). These results 275 
suggest that CLR1 is not essential for F. oxysporum infection, both in Fo5176-Arabidopsis and 276 
Fol4782-tomato interactions.  277 
 278 
 279 
Discussion 280 
Microbes need to loosen and digest the plant CWs in order  to colonize their hosts. As the 281 
major and most recalcitrant CW component, cellulose is a key target for a plethora of 282 
transcriptionally coordinated microbial CWMPs (34, 36, 37, 59–63). In this work, we studied 283 
the function of cellulases in the life cycle of a plant fungal pathogen. The identification and 284 
characterization of CLR1 in Fo confirms the conservation of this transcription factor as a 285 
master regulator of cellulose degradation in ascomycetes  (Fig. 1, fig. 2H and fig. S3) (8, 36, 286 
37, 43). Our work expands the current knowledge on the role of CLR1 during plant biomass 287 
degradation by demonstrating its function in planta. Interestingly, genes described in N. crassa 288 
as CLR1-dependent in cultures with cellulose as the only carbon source behaved similarly in 289 
Fo during root infection, suggesting that both metabolic situations require similar levels of 290 
CWMPs (Fig 2G; (37)). Unexpectedly, loss of CLR1 led to a significant increase in virulence 291 
both in the Arabidopsis and tomato pathogenic forms of Fo (Fig 2, fig. S4, and fig. 7). Although 292 
the clr1 mutant is not completely impaired in cellulases secretion (Table 1), our data indicate 293 
that Fo not only does not need their CLR1-dependent cellulases, but benefit from their absence 294 
to infect their hosts. More precisely, we show here that clr1 crosses the root epidermal layer 295 
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and reaches the vascular system of Arabidopsis roots faster, while degrading less crystalline 296 
cellulose, than WT (Fig. 2A-F, and H). This indicates that crystalline cellulose degradation is 297 
not a requirement for Fo to grow through the apoplast of the root layers and that the impairment 298 
of clr1 in cellulose degradation is a consequence of the notable decrease in the expression 299 
and secretion of most, but not all cellulolytic enzymes (Fig. 2G, fig. 5B and 5E, and Table 1).  300 

Our previously reported transcriptomic data indicated that the days 2 and 3 of the root-Fo5176 301 
interaction are critical time points for disease development (34). The drastic decrease of 302 
sucrose levels detected in infected roots at these time points (Fig 4A-C) suggests that the 303 
initial steps of root colonization have an extraordinary impact on plant metabolism. 304 
Accordingly, we observed a significant impairment in plant response to clr1 infection at these 305 
same time points (Fig 3A), indicating that the lack of a canonical set of CWDEs stunts the 306 
perception of the pathogen by the plant. However, although pre-treatment with cellobiose 307 
reduced the virulence of the clr1 mutant (Fig3B), its detection in higher amounts in clr1-infected 308 
roots as compared to WT excludes this cellulose degradation product as the main reason for 309 
the delay in the perception of clr1 by the plant. The high amounts of cellobiose detected in 310 
clr1-infected roots and the reduced capacity of clr1 to grow on cellobiose as the only carbon 311 
source could be explained by the markedly reduced expression levels of the enzyme β-312 
glucosidase, which is required for the final step of cellobiose hydrolysis (64). Importantly, the 313 
identification of cellobiose as a CW degradation product during microbial colonization confirms 314 
its predicted but never confirmed function as DAMP (27). Together with cellobiose, we 315 
identified various OGs in Fo-infected roots (Fig. 4B-D). Interestingly, most of the OGs identified 316 
in roots infected either with WT and clr1 were acetylated, which differs from what was reported 317 
in leaves infected by the necrotrophic fungus B. cinerea (65). Aerial and soil-borne plant 318 
pathogens might thus use a different battery of CWDEs to adapt to the different CWs 319 
encountered in leaves and roots, with some functional similarities since certain OGs such as 320 
GalAox were detected in both infected organs. Acetylated OGs have been shown to impair the 321 
activity of some pectinases, eliciting the plant defense response (66, 67). Thus, the reduced 322 
amount of GalAc2ox and Gal4Ac detected in clr1-infected roots (Fig. 4D and E) might explain 323 
the delay in fungal perception by the plant . 324 

Plant pathogens modulate their secretome to adapt to the host and the available nutrient 325 
sources (8, 68). Together with the decreased amount of cellulases in the clr1 secretome, we 326 
found an enrichment of secreted virulence factors, which might partially explain the fact that 327 
co-infection with WT does not reduce the hypervirulence of the mutant (Fig. S6A and B). 328 
Intriguingly, the most enriched protein in the clr1 secretome was a putative cutinase. Cutinases 329 
are essential for virulence of aerial plant pathogens (48) where the cuticle is a substantial 330 
barrier on the leaf and stem surfaces. In roots, only the root caps have been shown to have a 331 
cuticle (69). However, both pathogenic fungi and mutualistic mycorrhizae recruit the fatty acid 332 
biosynthesis program to facilitate host invasion. As reported for these microbes (34, 70), we 333 
observed an upregulation of the expression of these fatty acid biosynthesis genes in Fo during 334 
Arabidopsis root infection. In addition, cutinases from plant pathogens were shown to cleave 335 
suberin in vitro (71), a plant compound that prevents the spread of microbial pathogens (72). 336 
Because suberin blocks apoplastic transport both at the endodermis and at the root surface 337 
(73), the increased amounts of cutinase might explain the ability of clr1 to cross the root 338 
epidermal layer and reach the xylem faster than WT (Fig 2).  339 

We also found a set of peptidases enriched in the clr1 secretome, some of which have been 340 
reported to affect host responses by degrading defense related proteins (52, 74). Among them, 341 
fungalysins have been reported to be involved in cleavage of plant chitinases and therefore be 342 
essential for the pathogenicity of different fungi, including Fol (56, 75). Interestingly, the clr1 343 
mutant also seems to undermine host defense responses by secreting more chitin 344 
deacetylases, which should decrease the amount of MAMPs available for plant perception 345 
(58). In fact, we found that pretreatment with chitin oligomers reduces clr1 virulence to WT 346 
levels, implying that not only DAMP, but also MAMP perception is severely compromised 347 
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during clr1 infection. The other group of virulence factors significantly enriched in the clr1 348 
secretome are the pectin and pectate lyases, which have a fundamental role in vascular wilt 349 
diseases (50). These enzymes generate unsaturated OGs that might be used efficiently as 350 
nutrients by Fo because most OGs detected in the secretomes were saturated. In line with 351 
this, the only unsaturated OG identified in the assay, GalA3Ac-H2Oox, was less abundant in 352 
the clr1 secretome (Fig. S5). Interestingly, we did not find differences in the levels of 353 
polygalacturases (PGs) despite the higher levels of saturated OGs observed in infected roots. 354 
Most likely, the higher levels of pectin and pectate lyases detected might provide additional 355 
substrates for PGs, whose activity would not be limitant in this reaction. Indeed, the 356 
overaccumulation of subtilisin in the clr1 secretome could create more cleavage sites for the 357 
PGs by activating type I pectin methyl esterases (76). The lower amount of saturated OGs 358 
observed in clr1-infected compared to WT-infected roots might thus be a consequence of (a) 359 
the higher cellulose degradation during WT infection that makes the cellulose-embedded 360 
pectin more accessible for deconstruction by pectinases or (b) the increased capacity of clr1 361 
to uptake, and use these OGs. We favour the second hypothesis considering that the majority 362 
of pectins is not bound to cellulose (77). Overall, the increase in the secretion of different 363 
virulence factors might explain the delay in the perception of clr1 by the plant at the early 364 
stages of infection (Fig. 3Aa). 365 

Sucrose was highly available for Fo at the beginning of its interaction with the root (2dpt), when 366 
Fo is entering the epidermal apoplast (34), while the CW-derived oligomers were not 367 
detectable (Fig. 4). At 3dpt when some hyphae have reached the cortical apoplast (Fig.2F 368 
(34)), sucrose levels had decreased dramatically and cellobiose and OGs were detectable, 369 
indicating that from 2 to 3 dpt the CW becomes the primary carbon source for the fungus. At 370 
this stage, energy acquisition might become limiting in clr1 due to its reduced capacity to 371 
degrade cellulose. In this metabolic context, the enrichment in pectin and pectate lyases 372 
detected in the clr1 secretome might represent a metabolic adaptation to exploit energy 373 
through the alternative carbon source pectin. Moreover, the higher levels of peptidases 374 
secreted by clr1 could also provide additional carbon and nitrogen sources to the fungus (78). 375 
This hypothesis is supported by the fact that the increase in the expression of virulence factors 376 
in clr1 compared to WT was only observed during growth in planta but not on carbon-rich 377 
axenic medium (Fig. 5D and E).  378 

Finally, the composition of the medium strongly affected conidia production by Fo. A positive 379 
role of cellulose in conidia formation was reported previously (79), accordingly, CLR1 380 
expression was upregulated starting at 4dpt, when Fo has already entered the xylem (Fig. 6A 381 
and 2A), and remained significantly high when the fungus was growing on dead plants 382 
compared to alive ones (Fig. 6B). Thus, CLR1 activation is likely a way to prepare the fungal 383 
metabolism for the next step in the Fo life cycle, i.e. formation of conidia on the decaying plant 384 
tissue which will spread the fungus to encounter new hosts. Indeed, we showed that clr1 was 385 
severely compromised in asexual reproduction because microconidia formation on dead 386 
plants decreased drastically (Fig. 6B and 6C). Our data suggest that cellulose degradation is 387 
fundamental for the pathogen to fully exploit host resources for the production of dissemination 388 
structures. 389 

In conclusion, we show for the first time that the impairment in cellulose degradation does not 390 
pose any obstacles for plant infection by the vascular pathogen Fo. We further demonstrate 391 
that this organism exhibits an extraordinarily high degree of metabolic plasticity that 392 
compensates the decrease in cellulase production during host colonization by triggering the 393 
expression of alternative CWDEs. However, the deficiency in obtaining energy from cellulose 394 
significantly decreases the capacity of the fungus to replicate, disseminate, and invade new 395 
hosts. Our findings imply that CLR1 is highly conserved among ascomycetes because it is vital 396 
for saprophytic survival in natural environments. Evolutionary pressure thus makes the use of 397 
cellulases imperative for successful completion of the pathogen’s life cycle. 398 
 399 
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 400 
Material and Methods 401 
Plant material and growth conditions.  402 
Arabidopsis thaliana ecotype Col-0 and tomato Monika (provided by Syngenta Seeds, Almeria, 403 
Spain) were used in the analysis of fungal pathogenicity. Growth conditions were 16-h light 404 
(24°)/8- h dark cycle at 21º C for all Arabidopsis experiments. In the case of plate experiments, 405 
seedlings were grown upright with ½ MS media (pH adjusted to 5.7 with KOH but without 406 
buffering). When the experiment was performed in a hydroponic system, the seeds were 407 
germinated on 2 mm foam plugs floating in 330 ml pots on ½ MS + 1% sucrose media at pH 408 
5.7 adjusted by KOH. The media was exchanged 6 days after germination to ½ MS and 409 
seedlings were further grown. Tomato cultivar susceptible cultivar Monika (provided by 410 
Syngenta Seeds, Almeria, Spain) planted in vermiculite, and maintained in a growth chamber 411 
(28 °C; photoperiod 14 h light/10 h dark) 412 

Fungal strains and culture conditions.  413 
Fusarium oxysporum strain 5176 (Fo5176) was originally isolated in Australia from infected 414 
Arabidopsis plants (38). The strains were routinely cultured in potato dextrose broth (PDB) at 415 
28°C with orbital shaking at 170 rpm. Where necessary the following antibiotics were added 416 
to the culture medium: hygromycin B (55 μg/ml), G418 (100 μg/ml) and phleomycin (5.5μg 417 
/ml). For microconidia collection, 3 to 5 day-old cultures were collected by filtration through a 418 
nylon filter (Monodur; mesh size 10 μm). Filtrates were centrifuged at 12000 g for 10 min, the 419 
pellet containing the microconidia was washed using deionized water, resuspended in water 420 
to reach the desired concentration.  421 
 422 
Identification of CLR1 in Fusarium species   423 
Fusarium genes encoding the predicted CLR1 proteins were identified by sequence similarity 424 
searches against the Neurospora crassa CLR1 (NCU07705) (36) using BLASTp 425 
(http://blast.ncbi.nlm.nih.gov/). The software CLC Genomic Workbench v.12 was used to 426 
perform the comparison analysis of CLR1 sequence in different ascomycetes. 427 

Fungal transformation.  428 
As described above, we identified the CLR1 proteins in Fo5176 (FOXB_08021) and Fol4287 429 
(FOXG_08626). Targeted gene deletion of the entire CLR1 gene in the Fo5176-pSIX1::GFP 430 
background (33) and the Fol4287-3XmClover3 genetic backgrounds was performed using the 431 
split marker method (80) with the neomycin resistance cassettes following the protocol 432 
previously described (63). For the complementation of the clr1 deletion mutants, a co 433 
transformation with the native CLR1 in the phleomycin resistance cassette was performed as 434 
reported (81). The oligonucleotides used to generate PCR fragments for gene replacement, 435 
complementation or identification of mutants are listed in Table 1. PCRs were routinely 436 
performed with the High-Fidelity Template PCR system (Roche Diagnostics, Barcelona, 437 
Spain) using an MJ Mini personal thermal cycler (Bio Rad, Alcobendas, Spain). The amplified 438 
flanking sequences were PCR fused with partially overlapping truncated versions of the 439 
neomycin (Neor). Transformants were purified by monoconidial isolation (82).  440 

Fungal Growth in different carbon sources.  441 
Fo5176 was grown on ½ MS media (Murashige and Skoog media, Difco). Carbon sources 442 
were added to 0.5% wt/vol. Conidia were inoculated into 3 ml liquid media at 106 conidia/mL 443 
and grown at 28º in dark and shaking (180 rpm), 3 days for sucrose and cellobiose (Fluka) 444 
and 7 days for cellulose (Sigmacell, cellulose type 50). After 1 day drying at 60º, the material 445 
was weighted or its nucleic acids were extracted. For the nucleic acid extraction, we followed 446 
a previous protocol (83). The nucleic acids were quantified by spectrophotometry using a 447 
NanoDrop.  448 

Fungal growth in in vitro stress conditions  449 
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Drops containing serial dilution (1x107, 1x106 and 1x105) of freshly obtained microconidia were 450 
spotted on YPD agar plates supplemented with Congo red (5 μg/mL) or 5 μg/mL CalcoFluor 451 
White prepared in 0.5% KOH for testing cell wall stress as in (84). Minimal media was used 452 
for evaluating growth under nutrient deficiency, for (82)1M sorbitol was used to test 453 
hyperosmotic stress. Plates were incubated at 28 °C for 2 days in general or 4 days for salt 454 
stress and Calcofluour white  before imaging. . 455 

Arabidopsis plant infection assays.  456 
Arabidopsis infection assays were performed as described previously (33, 41). In summary, 8 457 
days-old seedlings grown as described above were transplanted to plates with 100 μl of 107 458 
microconidia/ml of Fo5176-pSIX1. The number of vascular penetrations per root was analyzed 459 
using the signal from the GFP under a stereomicroscope, when it showed a clear, linear and 460 
root central pattern. The experiment in which the plants were pretreated with cellobiose 100 461 
μM or chitin 100μg/ml were based on (27). Roots of 10 days old seedlings were treated with 462 
cellobiose or chitin for 25 minutes, hereafter they were transferred on a ½ MS media plate with 463 
3 days-old Fo mycelia. The number of vascular penetrations were monitored as explained 464 
above.  465 

Tomato plant infection assays. 466 
Tomato root infection with Fol was performed as previously described by (82). Briefly, 2 week-467 
old seedlings were inoculated with Fol by immersing the roots into a fungal microconidia 468 
suspension (5x105 conidia/ml), planted in vermiculite, and maintained in a growth chamber 469 
(28 °C; photoperiod 14 h light/10 h dark). Plant survival was recorded daily up to 29 days, as 470 
previously described (85), calculated by the Kaplan–Meier method, and compared among 471 
groups using the log-rank test. All infection assays included 10 plants per treatment.  472 

Confocal microscopy 473 
Plates infection assays were performed as described above, at 3 dpt images were taken with 474 
a Zeiss LSM Axioobserver microscope, using the LD C-Apochromat 40x / 1.1 W Korr M27 475 
objective and Immersol W (Zeiss) between lens and coverslip. GFP (fungus) was excited at 476 
488 nm and emitted fluorescence was detected at 514 nm. The roots were stained with 477 
propidium iodide (PI; 10 μM, Sigma-Aldrich) and imaged with 536 nm and 617 nm excitation 478 
and emission wavelength, respectively.  479 

Cellulose, OGs and hexoses and quantification in infected roots. 480 
Plates infection assays were performed as indicated above. For cellulose quantification, roots 481 
were harvested at 7dpt and processed as described before to measure the crystalline cellulose 482 
(33, 86). To quantify OGs and hexoses, roots collected at different dpt were weighted, covered 483 
with 100% ethanol for several days and then dried using a freeze-dryer (Christ, Alpha 2-4). 484 
The roots were grinded in water (1ml), centrifuged (10 minutes at 10.000g) and the 485 
supernatant was collected to be analyzed via High-performance size-exclusion 486 
chromatography (HP-SEC-MS). The analysis was performed as indicated before (65). Briefly, 487 
samples were diluted at 1 mg/ml in ammonium formate 50 mM, formic acid 0.1%. 488 
Chromatographic separation was performed on an ACQUITY UPLC Protein BEH SEC Column 489 
(125Å, 1.7 µm, 4.6 mm X 300 mm, Waters Corporation, Milford, MA, USA). Elution was 490 
performed in 50 mM ammonium formate, formic acid 0.1% at a flow rate of 400 l/min and a 491 
column oven temperature of 40 °C. The injection volume was set to 10 l. MS-detection was 492 
performed in negative mode with the end plate offset set voltage to 500 V, capillary voltage to 493 
4000 V, Nebulizer 40 psi, dry gas 8 l/min and dry temperature 180 °C. Major peaks were 494 
annotated following accurate mass annotation, isotopic pattern and MS/MS analysis, as 495 
previously described (45).  496 

Real-time quantitative PCR. 497 
LN2 frozen samples were grinded using a TissueLyser II (Quiagen) and glass beads. 1 μg of 498 
total RNA/sample extracted by Isol-RNA lysis reagent (5 PRIME)  was used to generate first-499 
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strand cDNA using Thermo Scientific Maximatm H Minus cDNA Synthesis Master Mix with 500 
dsDNase (Thermofisher), following manufacturer’s instructions. Quantitative PCR reactions 501 
were performed in a LightCycler 480II apparatus (Roche) using Fast SYBR Green Master Mix 502 
(Thermofisher) in a 10 μl reaction. Relative transcript levels were quantified with respect to a 503 
reference gene GAPDH600B for plants (87) (Czechowski et al. 2005) or FoβTUB 504 
(FOXG_06228) for Fo5176 (33). The 2ΔCT method was used to quantify the relative expression 505 
of each gene. Primers are indicated in Table S1.  506 

Protein identification in Fo5176 secretome . 507 
10-day old hydroponically-grown seedlings were treated with 20 µl of 107 microconidia/ml of 508 
either Fo5176 WT or clr1, as described before (34). At 3dpt,, the roots were removed and the 509 
liquid media was collected. We next followed the protocol from (88) with some modifications: 510 
to remove big particles present in the media, we filtered it with a 45 microns sterile filter 511 
(Starlab) before concentration with . centricons (Amicon Ultra 3k, Merck Millipore) to 1.5 ml 512 
volume. 150 microliters of these 1.5 ml were sent to proteomic analysis.  513 

For each sample, proteins were precipitated with trichloroacetic acid (TCA; Sigma-Aldrich) at 514 
a final concentration of 5% and washed twice with cold acetone. The dry pellets were dissolved 515 
in a 45 µl buffer (10 mM Tris + 2 mM CaCl2, pH 8.2). Reduction and alkylation of the proteins 516 
was performed by adding 2 mM of Tris(2-carboxyethyl) phosphin –hydrochlorid (TCEP) and 517 
15 mM of iodoacetamine (IAA). After 30 min at 60°C the samples were cooled to room 518 
temperature and 4 µg of Sequencing Grade Trypsin (Promega) for digestion were added. The 519 
digestion was carried out at 37°C for 4 hours. The samples were dried to completeness and 520 
re-solubilized in 20 µl of 3% acetonitrile, 0.1% formic acid for LC-MS/MS analysis. Before 521 
injection the samples were diluted 1:20 in the same solvent.  522 

Mass spectrometry analysis was performed on an Orbitrap Fusion Lumos (Thermo Scientific) 523 
equipped with a Digital PicoView source (New Objective) and coupled to a M-Class UPLC 524 
(Waters). Solvent composition at the two channels was 0.1% formic acid for channel A and 525 
0.1% formic acid, 99.9% acetonitrile for channel B. For each sample 1 μL of diluted peptides 526 
were loaded on a commercial MZ Symmetry C18 Trap Column (100Å, 5 µm, 180 µm x 20 mm, 527 
Waters) followed by nanoEase MZ C18 HSS T3 Column (100Å, 1.8 µm, 75 µm x 250 mm, 528 
Waters). The peptides were eluted at a flow rate of 300 nL/min by a gradient from 5 to 22% B 529 
in 80 min, 32% B in 10 min and 95% B for 10 min. Samples were acquired in a randomized 530 
order. The mass spectrometer was operated in data-dependent mode (DDA) acquiring a full-531 
scan MS spectra (300−1’500 m/z) at a resolution of 120’000 at 200 m/z after accumulation to 532 
a target value of 500’000. Data-dependent MS/MS were recorded in the linear ion trap using 533 
quadrupole isolation with a window of 0.8 Da and HCD fragmentation with 35% fragmentation 534 
energy. The ion trap was operated in rapid scan mode with a target value of 10’000 and a 535 
maximum injection time of 50 ms. Only precursors with intensity above 5’000 were selected 536 
for MS/MS and the maximum cycle time was set to 3 s. Charge state screening was enabled. 537 
Singly, unassigned, and charge states higher than seven were rejected. Precursor masses 538 
previously selected for MS/MS measurement were excluded from further selection for 20 s, 539 
and the exclusion window was set at 10 ppm. The samples were acquired using internal lock 540 
mass calibration on m/z 371.1012 and 445.1200. The mass spectrometry proteomics data 541 
were handled using the local laboratory information management system (LIMS) (89).  542 

For protein identification and label free protein quantification, the acquired raw MS data were 543 
processed by MaxQuant (version 1.6.2.3), followed by protein identification using the 544 
integrated Andromeda search engine (90). Spectra were searched against a provided Fo5176 545 
database (40) concatenated to the Araport database 546 
(https://www.arabidopsis.org/download/index-547 
auto.jsp?dir=%2Fdownload_files%2FSequences%2FAraport11_blastsets, version 2020-06-548 
18), concatenated to its reversed decoyed fasta database and common protein contaminants. 549 
Carbamidomethylation of cysteine was set as fixed modification, while methionine oxidation 550 
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and N-terminal protein acetylation were set as variables. Enzyme specificity was set to 551 
trypsin/P allowing a minimal peptide length of 7 amino acids and a maximum of two missed-552 
cleavages. MaxQuant Orbitrap default search settings were used. The maximum false 553 
discovery rate (FDR) was set to 0.01 for peptides and 0.05 for proteins. Label free 554 
quantification was enabled and a 2 minutes window for match between runs was applied. In 555 
the MaxQuant experimental design template, each file is kept separate in the experimental 556 
design to obtain individual quantitative values. Protein fold changes were computed based on 557 
Intensity values reported in the proteinGroups.txt file. A set of functions implemented in the R 558 
package SRMService (91) was used to filter for proteins with 2 or more peptides allowing for 559 
a maximum of 4 missing values, and to normalize the data with a modified robust z-score 560 
transformation and to compute p-values using the t-test with pooled variance. If all 561 
measurements of a protein are missing in one of the conditions, a pseudo fold change was 562 
computed replacing the missing group average by the mean of 10% smallest protein intensities 563 
in that condition.   564 

Fo5176 microconidia production in Arabidopsis.  565 
We performed plate infection assays as indicated above. 5 days after the plant was dead, we 566 
weighed the whole plant and we added 1.2 ml of H2O. The samples were shaken gently for 1 567 
minute and the plant material removed. The number of microconidia in solution counted with 568 
the Thoma cell counting chamber was shown per mg of dead material.  569 

Statistical analysis.  570 
Statistical analyses were performed and data plotted using GraphPad Prism 9.0.0 (GraphPad 571 
Software, Inc). Each figure legend indicates the statistical analysis which was performed and 572 
the level of significance. 573 
 574 
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Figures and Tables 875 

 876 

Fig. 1. Cellulose degradation is regulated by CLR1 in F. oxysporum (Fo5176).  877 
(A) Pairwise comparison of 5 Fusarium species or Fo species complexes to identify potential 878 
orthologous to the Neurospora crassa transcription factor. The percent of protein identity is 879 
indicated. (B) Sequence alignment of the DNA-binding domains of the CLR1 proteins identified 880 
in (A) The conservation grade is shown. Note the high conservation of the Zn(2)-C6 fungal-881 
type domain, ACEVCRSRKSRCDGTKPKCKLCTELGAECIY, related to the DNA-binding 882 
domain. (C) Representative picture of WT, clr1-1 and clr1C growth on sucrose (left panel) or 883 
cellulose (right panel). The arrow indicates the presence of mycelia. Scale bar, 1cm. (D) 884 
Growth of WT, clr1-1 and clr1C on different carbon sources measured as nucleic acid 885 
concentration (ng/µl). The strains were growing on sucrose 0.5% or cellobiose 0.5% for 3 days, 886 
or on cellulose 0.5% for 7 days. Shown are the box plots: centerlines show the medians; box 887 
limits indicate the 25th and 75th percentiles; whiskers extend to the minimum and maximum, 888 
n≥5. Asterisk indicated differences relative to WT. Welch’s unpaired t-test; *** p-value<0.001. 889 
** p-value ≤ 0.01.  890 



 
   20 
 

 891 

Fig. 2. The lack of CLR1 increases Fo pathogenicity. 892 
(A) Cumulative Arabidopsis root vascular penetration by Fo at different days post-transfer (dpt) 893 
to WT, clr1-1 or clr1C microconidia-containing plates. Values are mean +/- SEM, N≥ 28 plants 894 
from one representative experiment. The experiment was performed 3 times with similar 895 
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results. RM two-way ANOVA on vascular penetration rate: p<0.0001 (fungal genotype), 896 
p<0.0001 (time), p≤0.0001 (fungal genotype x time). Asterisk indicated a statistical difference 897 
with respect to WT at 7 dpt, Tukey’s multiple comparison test, **** p<0.0001. (B) and (C) 898 
FoSIX1 expression relative to AtGAPDH or FoTub, respectively, in infected Arabidopsis roots 899 
at 7 dpt as in (A).. Shown are the box plots: centerlines show the medians; box limits indicate 900 
the 25th and 75th percentiles; whiskers extend to the minimum and maximum. N=4 biological 901 
replicates; Welch's unpaired t-test; * p-value ≤0.05. (D) Fungal biomass calculated as FoTub 902 
expression relative to AtGAPDH. Box plots shown as above. N=4 biological replicates. (E) 903 
Representative confocal image of WT or clr1-1 hyphae (green) colonization of Arabidopsis 904 
roots stained with PI (magenta). Arrows point to hyphae. Scale bars: 20μm. (F) Number of WT 905 
or clr1-1 hyphae able to reach the cortical apoplast as shown in (E). Data are represented on 906 
box plots as described above. N≥12, Welch’s unpaired t-test; *** p-value<0.001. (G) WT and 907 
clr1-1 gene expression in 7 dpt infected roots normalized to the fungal FoTub gene. Bars 908 
represent means +/- SEM, N=3 biological replicates (arrowheads). For each gene, the data 909 
were normalized to WT; Welch’s unpaired t-test; * p-value<0.05. ** p-value<0.01. (H) Cellulose 910 
content in WT and clr1-1 infected roots at 7dpt represented as % of cellulose measured in 7 911 
dpt mock roots. Shown are the box plots as described above. N=8 biological replicates. 912 
Welch’s unpaired t-test; p-value indicated.  913 
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 914 

Fig. 3. The plant perceives later clr1-1 than WT.  915 
(A) Expression of WRKY45, WRKY53, and At1g51890 relative to AtGAPDH in Arabidopsis 916 
roots at 2, 3, 4, 5 or 7dpt to plates with WT or clr1-1 microconidia. Shown are box plots: 917 
centerlines show the medians; box limits indicate the 25th and 75th percentiles; whiskers extend 918 
to the minimum and maximum, n≥4 biological replicates. For each gene, the data were 919 
normalized to WT and the statistical differences are indicated by asterisks; Welch’s unpaired 920 
t-test; * p-value<0.05. (B) Cumulative Arabidopsis root vascular penetration by Fo at different 921 
dpt to WT, clr1-1 or clr1C hyphae-containing plates. Half of the plants were pretreated with 922 
cellobiose for 25 minutes before being exposed to the fungus. Values are mean +/- SEM, N≥14 923 
from one representative experiment. The experiment was repeated three times with similar 924 
results. RM two-way ANOVA on vascular penetration rate: p<0.0001 (fungal genotype and 925 
treatment), p<0.0001 (time), p≤0.0001 (fungal genotype x time). Asterisk indicates a statistical 926 
difference with respect to WT at 7 dpt. Tukey’s multiple comparisons test, * p<0.05. 927 
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 928 

Fig. 4. clr1-1 infection generates different amounts of plant cell wall-derived molecules 929 
than WT.  930 
(A) Extracted ion chromatograms for m/z 341 of mock root cell wall (yellow) water extract (5 931 
dpt) and cellobiose comercial standard (black) analysed by HP-SEC-MS. Saccharose and 932 
another di-hexose but no cellobiose are detected in cell wall water extract. (B) Representative 933 
extracted ion chromatograms of oligogalacturonides (OGs; blue) and di-hexoses (yellow) 934 
detected along 5 dpt to plates with WT or clr1-1 microconidia. DP indicates the degree of 935 
polymerization of OGs. The retention time of different standards of DP and cellobiose is 936 
indicated with a vertical dotted line. (C-E) Kinetics of Hexose2 (C), GalA2ox (D), and GalA4Ac 937 
(E) produced in Arabidopsis roots by WT or clr1-1 infection. Mock indicates the levels of 938 
polysaccharides at 5 dpt. Bars are means +/- SEM, N=3 biological replicates as described in 939 
(B) and 2 replicates for mock samples. Asterisk indicates statistical significance compared to 940 
the WT on each dpt, two-way ANOVA with LSD Fisher test post hoc comparison; **** 941 
p<0.0001** p<0.01, * p<0.05. OGs are named GalAx,GalAxAcy or GalAox with the subscript 942 
numbers indicating the degree of polymerization (x) and the number of acetylated groups (y); 943 
“ox” indicate the presence of oxidized groups. 944 
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 945 

Fig. 5. clr1-1 secretes more virulence factors than WT during Arabidopsis root 946 
infection.  947 
(A) Proteins identified in the secretome of WT Fo at 3 dpt of Arabidopsis seedlings in 948 
hydroponic conditions. A total of 362 fungal proteins were identified in 4 independent replicates 949 
and the percentages of the most representative family proteins found are presented. (B) 950 
Volcano plot of differences in the abundance of proteins identified in the secretome of clr1-1 951 
relative to the WT. Proteins significantly (moderated T-test, p-values < 0.05) less or more 952 
present in the clr1-1 secreteome are shown in green or red, respectively. The name or family 953 
of the most relevant proteins is indicated. (C) Cumulative Arabidopsis root vascular penetration 954 
by Fo at different dpt to WT, clr1-1 or clr1C hyphae-containing plates. Half of the plants were 955 
pretreated with chitin for 25 minutes. Values are mean +/- SEM, N≥14 from one representative 956 
experiment. The experiment was repeated three times with similar results. RM two-way 957 
ANOVA on vascular penetration rate: p<0.001 (fungal genotype and treatment), p<0.0001 958 
(time), p ≤ 0.0001 (fungal genotype x time). Asterisk indicates a statistical difference with 959 
respect to WT at 7 dpt. Tukey’s multiple comparisons test, * p<0.05. (D) and (E)  Gene 960 
expression of 6 virulence factors relative to FoTub in WT or clr1-1 grown 3 days in sucrose (D) 961 
or at 3dpt in Arabidopsis roots (E). The genes were selected among the ones enriched in the 962 
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clr1-1 secretome as shown in (B: : a pectate lyase (g16048), a cutinase (g2038), two subtilisins 963 
(g7764 and g1489), a fungalysin (g15798) and chitin deacetylase (g11385) Shown are box 964 
plots: center lines show the medians; box limits indicate the 25th and 75th percentiles; 965 
whiskers extend to the minimum and maximum, n ≥ 4. For each gene, the data were 966 
normalized to WT and the statistical differences are indicated by asterisks. Welch’s unpaired 967 
t-test; * p-value<0.05. ** p-value<0.01.  968 
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 969 

Fig. 6. CLR1 is crucial for Fo saprophytic growth and spore production.  970 
(A) CLR1 expression analysis relative to FoTub in Arabidopsis infected roots at different dpt 971 
to WT microconidia containing plates. Values represent means +/- SEM from 3 biological 972 
replicates. (B) CLR1 expression relative to FoTub in WT or clr1-1 grown in alive or dead plants 973 
for 4 days. Shown are box plots: center lines show the medians; box limits indicate the 25th 974 
and 75th percentiles; whiskers extend to the minimum and maximum, N≥4 biological 975 
replicates; Welch’s unpaired t-test; * p-value<0.05. (C) Microconidia production of WT, clr1-1 976 
and clr1C in dead aerial tissue of infected Arabidopsis plants. Box plots as described above. 977 
N≥10 biological replicates. Asterisks indicate statistical difference relative to WT, Welch’s 978 
unpaired t-test. ***p<0.001. 979 
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 980 

Fig 7. The lack of CLR1 also increases Fol4287 pathogenicity in tomato plants. 981 
Kaplan–Meier plot showing the survival of tomato plants grown in vermiculite and dip-982 
inoculated or not (H2O) with Fol, Folclr1 or Folclr1C microconidia. N=15 plants from one 983 
independent experiment. *P < 0.05 versus Fol alone according to log-rank test. The experiment 984 
was repeated 3 times with similar results.  985 
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 986 

Fig. 8. Model of CLR1 role in the life cycle of F. oxysporum in planta.  987 
Bottom part: During root apoplast colonization, CLR1 is required to degrade and consume the 988 
plant cellulose. In its absence, the clr1 mutant secretes more virulence factors and produces 989 
less oligogalacturonides, which are pectin-derived damage-associated molecular patterns 990 
(DAMPs). The virulence factors secreted by clr1 also reduce the production of chitin-991 
monomers perceived as microbe-associated molecular patterns by the plant. Consequently, 992 
the host recognizes clr1 less efficiently than WT and clr1 can colonize faster the xylem. Green 993 
arrows represent signalling cascade activation, their intensity reflects how much it is triggered. 994 
Upper part: Once the plant is dead, Fo needs to grow saprophytically and needs CLR1 to use 995 
cellulose as carbon source and produce microconidia.  996 
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Table 1. Fo5176 secretome identified proteins 997 
Proteins identified in clr1-1 and WT Proteins identified in the secretome of WT and clr1-1 998 
infected roots at 3 dpt. Proteins differentially present in clr1-1 secretome relative to WT with a 999 
moderated T-test p<0.05 are highlighted in green and red for less or more abundant in the 1000 
mutant, respectively, as in Fig 5B. For the proteins without IPR description, no homologues 1001 
were found in the database to assign a putative activity. 1002 
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Fig. S1. Identification of Fo5176 clr1 mutants and clr1C complemented. 
(A) Left panel, schematic representation of targeted CLR1 gene replacement with the neomycin 
cassette (Neor) using the split-marker method. Right panel, complementation of the clr1 mutants 
by co-transformation with the phleomycin resistance cassette (Phleor) and the  WT CLR1 gene. 
(B) PCR screening to identify clr1 and clr1C mutant strains. Genomic DNA of the indicated fungal 
strains was amplified by using the primer pair ForCLR1genotyping and RevCLR1genotyping 
(indicated with arrows in panel A). The expected PCR fragments for clr1 or clr1C mutants are 
2589 or 2870 bp, respectively. (C) CLR1 expression measured by Rt-PCR  in the indicated strains 
using the primers pair CLR1rtpcrfor and CLR1rtpcrrev. FoTub expression was used as reference.  
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Fig. S2. CLR1 deletion does not alter Fo growth on different stress media.  
Representative images of WT, clr1-1, and clr1C growth in YFP control media an in various stress 
media: Minimal Media (nutrient limitation), YDP with 1 M NaCl (salt stress), YPD with 50 μg/mL 
Congo Red or YPD with 40 μg/mL Calcofluor White (cell wall perturbations) or 1 M of Sorbitol 
(osmotic stress). The experiment was repeated 2 times with similar results. Plates were spot-
inoculated with 20 μl of decimated dilution from 107 microconidia/ml.  
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Fig. S3. The lack of CLR1 impairs Fo growth in different carbon sources.  
Growth WT, clr1-1 and clr1C on sucrose 0.5% or cellobiose 0.5% for 3three days, or on cellulose 
0.5% for 7 days measured as dry weight (mg). Shown are the box plots: centerlines show the 
medians; box limits indicate the 25th and 75th percentiles; whiskers extend to the minimum and 
maximum, N=9. Asterisk indicated differences relative to WT. Welch’s unpaired t-test; **** p-value 
≤ 0.0001.  
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Fig S4. A second independent CLR1 deletion mutant, clr1-2, displayed the same phenotype 
than clr1-1.  
(A) and (B) Growth of WT, clr1-1 and clr1-2 on sucrose 0.5% or cellobiose 0.5% for 3 days, or on 
cellulose 0.5% for 7 days measured as dry weight (mg) (A) and nucleic acid concentration (ng/ml) 
(B). Shown are the box plots: centerlines show the medians; box limits indicate the 25th and 75th 
percentiles; whiskers extend to the minimum and maximum, N≥5. Welch’s unpaired t-test; 
asterisks show differences with respect to WT.***p-value≤0.001, ****p-value ≤0.0001. (C) 
Cumulative Arabidopsis root vascular penetration by Fo at different days post-transfer (dpt) to 
WT, clr1-1 or clr1-2 microconidia plates. Values are mean +/- SEM, N≥30 plants from one 
representative experiment. The experiment was performed 3 times with similar results. RM two-
way ANOVA on vascular penetration rate: p<0.0001 (fungal genotype), p<0.0001 (time), p ≤ 0.01 
(fungal genotype x time). Asterisk indicated a statistical difference with respect to WT at 7 dpt, 
Tukey’s multiple comparison test, ** p<0.01. 
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Fig. S5. Kinetics of Hexoses and OGs identified in Arabidopsis roots infected with WT or 
clr1-1.  
(A) Examples of the modifications observed in the detected OGs: acetylated or methylated 
residues and oxidized PG products. (B) Kinetics of Hexoses2 and OGs identified by HP-SEC-MS 
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in infected roots at different days post transfer (dpt ) to WT or clr1-1 microconidia. Bars represent 
means +/- SEM from 3 biological replicates (2 for mock samples). No significant differences were 
observed in the clr1-1 samples compared to WT ones using two-way ANOVA with LSD Fisher 
test post hoc comparison at any dpt. OGs are named GalAxAcy, indicating the subscript numbers 
indicate the degree of polymerization (x) and the number of acetylated groups (y). “ox” indicate 
the presence of oxidized groups, respectively. 
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Fig. S6. clr1-1 virulence is not compensated by WT coinfection  
(A) Cumulative Arabidopsis root vascular penetration by Fo at different days post-transfer (dpt) 
to plates with WT, clr1-1 or a 50/50 WT/clr1-1 microconidia mix. Values are mean +/- SEM, N≥25 
plants from one representative experiment. The experiment was performed 3 times with similar 
results. RM two-way ANOVA on vascular penetration rate: p<0.001 (fungal genotype), p<0.0001 
(time), p≤0.01 (fungal genotype x time). Asterisk indicated a statistical difference with respect to 
WT at 7 dpt. Tukey’s multiple comparisons test, ** p<0.01. (B) Root vascular penetration at 7 dpt 
to plates with WT, clr1-1 or a mix with 97,5%, 90%, or 75% WT microconidia complemented to 
100% with clr1-1 microconidia. Bars represent means +/- SEM, N≥22, from one independent 
experiment. The experiment was performed 2 times with similar results. One-way Anova was 
performed and Tukey's multiple comparisons test; letters indicate statistical difference between 
samples; p<0.05. 
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Fig. S7. Identification of Fol4287 clr1 and clr1C mutants. 
(A). Southern blot hybridization analysis of the WT and of five indicated clr1 transformants. 
Genomic DNA was digested with the HindIII restriction enzyme and hybridized with a probe 
obtained by using the primer pair CLR1TERFOR and CLR1TERREV. 6.4 Kb indicates WT 
fragment whereas 4.7 the cassette insertion. Transformants marked with an asterisk indicate 
strains where targeted replacement of the indicated gene by homologous integration of a single 
copy of the Neor resistance cassette occurred. (B) PCR screening to identify clr1C mutant strains. 
Genomic DNA of the indicated fungal strains was amplified by using the primer pair 
CLR1PROMFORNEST and CLR1revgene. The expected  PCR fragment for clr1C mutants is of 
3600 bp. 
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Table S1. Primers used in this study.  

Primer Sequence 5´→ 3´ USE 

gpdA15B GGATCCCGAGACCTAATACAGCCCCT  
HygBr cassette/Phleor 

trpter8B GGATCCAAACAAGTGTACCTGTGCATTC  

Neo G TGCCCTGAATGAACTGCAAGA cassette/Neor cassette 
 Neo Y CCAAGTTCTTCAGCAATATCAC 

CLR1PromFor TCCAAGTAAGCATCAAGTCCG 

 
 
 

CLR1 
Knockout/ 

Complementation 
 
 
 
 

CLR1PromForNest GGTCTTTCTCCTCTCGTGGC 

CLR1PromRev TTTACCCAGAATGCACAGGTACACTTGTTT
AGAAACGGTATCGAGGAACGG 

CLR1TerFor TGGTCGTTGTAGGGGCTGTATTAGGTCTCT
TCTGGGGTGATATCCTGGG 

CLR1TerRevNest TTTTGAAATGGCCAGGGGGGT 

CLR1TerRev AGAGTAGAGAAGATGAACGGAA 

CLR1 rev gene ATGATGAGCAGCGTTTGGGAG 

CLR1 rev nest 2 TTCATGTGGGTCATCGAACTC 

For CLR1 genotyping GCCGCTACACCAACTCAACT 

Rev CLR1 genotyping TGCTGGGCTCAACATCCAACCAA 

CLR1_ qPCR-Fwd GCTTGCCCTGTGGATTTGAA 

 
 
 
 
 
 
 
 
 
 

qPCR 
 
 

CLR1_qPCR-REV TCCAGGCTTGTTGTTGATGC 

At1g51890_qPCR-Fwd CTAGCCGACTTTGGGCTATC 

At1g51890_qPCR-Rev CCAGTTTGTTCTGTAATACTCAGG 

WRKY45_qPCR-Fwd GAACAATCCATTCCCCAGGAG 

WRKY45_qPCR-Rev GGAGGGAAGATGTGCATTTGTG 

WRKY53_qPCR-Fwd GCGACAAGACACCAGAGTCA 

WRKY53_qPCR-Rev ACCGTTGGATTGAACCAGTC 

FoSIX1_qPCR-Fwd TCAAGAGGCTGCGGTTGG 

FoSIX1_qPCR-Rev GACGCTCAGGGCGACATA 

FoβTUB_qPCR-Fwd AACTCCGATGAGACCTTCTG 

FoβTUB_qPCR-Rev GACATGACAGCAGAAACGAG 

GAPDH_qPCR-Fwd  AGGTGGAAGAGCTGCTTCCTTC 
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GAPDH_qPCR-Rev GCAACACTTTCCCAACAGCCT 

qPCR 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

g16048_qPCR-Fwd GCAGTACCGTGTGATCATGG 

g16048_qPCR-Rev CATCGAGAACACTGCTTCCA 

g2038_qPCR-Fwd TGGCAATAAGATTGCTGCTG 

g2038_qPCR-Rev GGTTTATGCCGTTCCTTGAA 

g7764_qPCR-Fwd TATCGAGGCCGATACCAAAG 

g7764_qPCR-Rev AGGTGTCCTGGTTGACCTTG 

g1489_qPCR-Fwd GCACCGTCCTTGACATCTTT 

g1489_qPCR-Rev ACCAGCAATGTGGGGAGTAG 

G9160_qPCR-Fwd TTGCGCCAAGAACTGTATCC 

G9160_qPCR-Rev TGAAGACGAAGCTTGTTGCC 

G4171_qPCR-Fwd TGACCGCAAGAAATCCGATG 

G4171_qPCR-Rev TTGGGCTTGAATTCCTCACG 

G5102_qPCR-Fwd TCGCCAACGATGTCAACATC 

G5102_qPCR-Rev AGCCTTTATCGTGCCATGAC 

g17213_qPCR-Fwd GCTGGTTCAAGATCAAGGACTG 

g17213_qPCR-Rev ATATGCGCCGTTGGTAATGC 

G13080_qPCR-Fwd ACGGACCTGTTGAGGATGTC 

G13080_qPCR-Rev GACGGGTCCAACATGAGAGT 

G6695_qPCR-Fwd CTCTGCCAAAGTTCCTCCAG 

G6695_qPCR-Rev CTGCTGAGAGGTGTTGACCA 

G7443_qPCR-Fwd TGATGCTGAGTGGGAGTCTG 

G7443_qPCR-Rev TGAAGAATCACAGGCACTCG 

g11385_qPCR-Fwd GGCTGAGTTCCTCAAGATCG 

q11385_qPCR-Rev TGATGACGTGGTATCCGAGA 

g15798_qPCR-Fwd                CGTCCTGATAGTCCTTCGCT 

G15798_qPCR-Rev               CCTACACCACCCTGACCATT 

 


