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SUMMARY 38 

• The intracellular accommodation of arbuscular mycorrhizal (AM) fungi is a paradigmatic feature 39 

of this plant symbiosis that depends on the activation of a dedicated signaling pathway and the 40 

extensive reprogramming of host cells, including striking changes in nuclear size and transcriptional 41 

activity.  42 

• By combining targeted sampling of early root colonization sites, detailed confocal imaging, flow 43 

cytometry and gene expression analyses, we demonstrate that local, recursive events of 44 

endoreduplication are triggered in the Medicago truncatula root cortex during AM colonization.  45 

• AM colonization induces an increase in ploidy levels and the activation of endocycle specific 46 

markers.  47 

 • This response anticipates the progression of fungal colonization and is limited to arbusculated 48 

and neighboring cells in the cortical tissue. 49 

• Furthermore, endoreduplication is not induced in M. truncatula mutants for symbiotic signaling 50 

pathway genes. 51 

• On this basis, we propose endoreduplication as part of the host cell prepenetration responses that 52 

anticipate AM fungal accommodation in the root cortex. 53 

  54 
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INTRODUCTION 55 

 56 

Glomeromycotina form a widespread group of soil-born fungi (Spatafora et al., 2016) that establish 57 

mutualistic arbuscular mycorrhizal (AM) symbiosis with most land plants, including the majority of 58 

crop species (Smith & Read, 1997; Salvioli & Bonfante, 2013). Soil exploration by the root-associated 59 

mycelium provides the host plant with privileged access to water and mineral nutrients such as 60 

phosphorus and nitrogen (Gutjahr & Parniske 2013). In return, host plants feed their symbionts with 61 

carbon compounds (McLean et al., 2017). Root colonization by AM fungi is limited to epidermal and 62 

cortical tissues. It initiates with the formation of a hyphopodium on the root epidermis, followed by 63 

hyphal penetration in single epidermal cells and subsequent proliferation of inter- and intracellular 64 

hyphae in the root cortex. Arbuscules develop from the repeated branching of intracellular hyphae 65 

in the inner cortex and are considered the main site of nutrient exchange (Gutjahr & Parniske, 2013).  66 

Due to its ancient evolutionary origin, AM symbiosis is hypothesized to have several features that 67 

were co-opted for symbiotic nitrogen fixation (SNF) in legumes (Parniske, 2008). These include the 68 

activation of a set of proteins that constitute the common symbiotic signaling pathway (CSSP) 69 

(Oldroyd 2013), and the generation and decoding of nuclear calcium oscillations in response to both 70 

AM fungal and rhizobial elicitors (Gutjahr & Parniske, 2013). In addition, AM hyphae enter plant cells 71 

via an intracellular accommodation structure, called the prepenetration apparatus or PPA (Genre et 72 

al., 2005; 2008), which shares several similarities with SNF pre-infection thread (Gage, 2004) and 73 

drives intracellular hyphal development. 74 

In fact, the accommodation of hyphae and arbuscules requires a profound reprogramming of host 75 

cell architecture (Dörmann et al., 2014). These comprise nuclear movements, vacuole partitioning, 76 

cytoskeletal rearrangement and the formation of cytoplasmic bridges (PPA) in coordination with 77 

fungal development (Gutjahr & Parniske, 2013). Host cell reprogramming is particularly extensive in 78 

arbuscule-containing cells, with major cytological modifications and changes in gene expression that 79 

also extend to neighboring cortical cells (Blancaflor et al., 2001; Genre et al., 2008; Pumplin & 80 

Harrison, 2009; Gaude et al., 2012).  81 

We have recently demonstrated that arbuscule accommodation involves the reactivation of the cell 82 

cycle in the root cortex (Russo et al., 2019), where ectopic cell division generates spread couples of 83 

so-called split cells in advance of arbuscule development. Furthermore, PPA-associated expression 84 

and recruitment of exocytic cell plate markers, such as TPLATE, suggest that the cell plate assembly 85 

machinery is rerouted towards the biogenesis of the periarbuscular interface in the absence of cell 86 
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division. On this basis we hypothesized that cell cycle activation without mitosis in arbusculated cells 87 

should lead to an increase in ploidy through endoreduplication. To test this hypothesis, we therefore 88 

investigated if fungal accommodation is associated with local ploidy changes.  89 

Indirect support for this hypothesis comes from previous studies reporting increased nuclear size in 90 

arbusculated cells of several angiosperms (Balestrini et al. 1992, Fusconi et al. 2005, Genre et al. 91 

2008, Bainard et al. 2011, Ivanov & Harrison 2014) alongside with chromatin decondensation, 92 

another hallmark of endoreduplication (Berta et al., 2000; Repetto et al., 2007; Bainard et al., 2011). 93 

Nevertheless, limited evidence is available of a correlation in time and space between nuclear 94 

changes and the progression of fungal colonization, leaving the molecular mechanisms of host cell 95 

cycle manipulation by mycorrhizal fungi largely unexplored.  96 

Endoreduplication - also known as endocycle - is a specialized cell cycle in which cells undergo S 97 

phase but do not divide, resulting in the generation of polyploid cells with multiple DNA duplication 98 

events (Kondorosi et al., 2000). Cell cycle reactivation is a widespread feature in developmental 99 

programs of most seed plants, including the model legume Medicago truncatula (Barrow & Meister, 100 

2003; Kondorosi & Kondorosi, 2004), as well as in responses to abiotic (Van Oostveldt et al., 1975; 101 

Galli, 1988; Cavallini et al., 1995; Engelen-Eigles et al., 2000) and biotic stimuli (Barrow, 2006; 102 

Wildermuth et al., 2010). Endocycle is typically activated during differentiation of several cell types 103 

with specialized functions (Kondorosi & Kondorosi, 2004) and results in polysomaty, a condition 104 

where cells with different ploidy levels are found next to each other (Smulders et al., 1994).  105 

The switch from mitosis to endocycle is finely regulated through targeted proteolysis, 106 

transcriptional repression or post-translational inhibition of cyclin dependent kinases (CDK) and 107 

mitotic cyclins (De Veylder et al., 2007; 2011). In higher plants, the best studied mechanism of 108 

endocycle regulation involves the ubiquitin-proteasome degradation of mitotic CDK by APC/C, the 109 

Anaphase-Promoting Complex (Harper et al., 2002; Buschhorn & Peters, 2006). An alternative 110 

molecular trigger is the transcriptional down-regulation of CDK and G2-M-expressed genes by the 111 

transcription factor Increased Level of Polyploidy 1 (ILP1; Yoshizumi et al., 2006). 112 

Our present results indicate that endoreduplication events are activated in root cortical cells of wild-113 

type Medicago truncatula inoculated with the AM fungus Gigaspora margarita, but not in dmi2-2 114 

and dmi3-1 CSSP mutants. Combined flow cytometry and confocal microscopy imaging localize the 115 

occurrence of endoreduplication in colonized and surrounding cells of the root cortex, suggesting 116 

that ploidy increase is associated with fungal accommodation and prepenetration responses. In 117 

addition, endocycle and S-phase markers were significantly upregulated in colonized root segments, 118 
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altogether providing sound support to our conclusion that endocycle activation is a symbiotic 119 

feature of AM interactions.  120 

 121 

 122 

MATERIALS AND METHODS 123 

 124 

Plant materials 125 

All experiments were performed using Medicago truncatula plants (genotype Jemalong A17) and 126 

explants of three Agrobacterium rhizogenes–generated root organ cultures (ROCs) lines: one 127 

derived from the same wild-type M. truncatula cultivar and two from CSSP mutants dmi2-2 and 128 

dmi3-1, (Catoira et al., 2000; Morandi et al., 2005). ROC lines, already available in the lab (Chabaud 129 

et al., 2011; Genre et al., 2013), expressed a nuclear localized cameleon YC2.1 construct, and were 130 

propagated on M medium (Bécard & Fortin, 1988) at 25°C in the dark, in vertically oriented petri 131 

dishes to favour a regular fishbone-shaped root system (Chabaud et al., 2002). Explants with 132 

consistent morphology and an identical number of lateral roots were chosen for all ROC-based 133 

experiments (Russo et al., 2019).  134 

 135 

Fungal materials 136 

The AM fungus Gigaspora margarita isolate BEG34 (International Bank for the Glomeromycota, 137 

University of Kent, Canterbury, UK) was chosen for its amenability to both pot and in vitro 138 

experiments. Fungal spores were collected from pot cultures of mycorrhizal Trifolium repens, 139 

vernalized at 4°C for 2 weeks, and surface sterilized with 3% (w/v) chloramine T and 0.03% (w/v) 140 

streptomycin, according to Lanfranco et al. (2005). 141 

 142 

Arbuscular mycorrhizal colonization of wild-type Medicago truncatula plants 143 

Wild-type M. truncatula seeds were germinated on water agar (0.6%) in Petri dishes as described in 144 

Russo et al. (2019). Seven-day-old seedlings were inoculated with sterilized G. margarita spores 145 

using the Millipore sandwich method (Giovannetti et al., 1993). Briefly, seedlings were placed 146 

between two nitrocellulose membranes with twenty G. margarita spores. Inoculation was omitted 147 

in controls. Uninoculated and inoculated sandwiches were planted in sterile quartz sand, watered 148 

with Long-Ashton solution containing 3.2 μM Na2HPO4·12H2O and 0.5 mM NaNO3 (Hewitt, 1966) 149 

and grown in a climatic chamber with a 14 h light (24°C)/10 h dark (20°C) photoperiod. After 35 150 
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days, 1 cm-long samples of colonized roots – bound to abundant extraradical mycelium – and 151 

uninoculated root samples of comparable age and size were excised using a stereo microscope and 152 

processed for confocal imaging and flow cytometry. Two independent experiments and a total of 153 

15 uninoculated and 15 inoculated plants were analysed.  154 

 155 

Targeted inoculation of root organ culures 156 

The targeted AM inoculation technique (Chabaud et al., 2002) was chosen to take advantage of 157 

direct observation of colonization events and collection of early colonized samples and adjacent 158 

zones. In short, two growing explants of wild-type, dmi2-2 and dmi3-1 M. truncatula ROCs (Chabaud 159 

et al., 2011; Genre et al., 2013) were inoculated with four pre-germinated spores of G. margarita in 160 

each Petri dish. Fungal growth and root colonization were monitored daily under a stereo 161 

microscope to identify hyphopodium development. Cameleon YC2.1 yellow fluorescence was used 162 

to check for nuclear repositioning in epidermal cells under the hyphopodia, a hallmark of early 163 

prepenetration responses. One cm-long sub-hyphopodial root segments were harvested 48/60 164 

hours after hyphopodium formation and all meristems were removed using a scalpel. Each biological 165 

replicate used for confocal imaging, flow cytometry or gene expression analyses included a pool of 166 

at least 15 segments, deriving from at least 3 independent ROCs.  167 

 168 

Nuclear staining and confocal imaging 169 

Uninoculated and inoculated samples from sandwich or ROC cultures were fixed and sectioned 170 

longitudinally in 100µm-thick sections using a Vibratome (Oxford Vibratome®), as described by 171 

Vieira et al. (2012), with minor modifications (Supplementary Method S1).  172 

Imaging was performed with an upright Leica TCS SP2 confocal microscope fitted with a long 173 

distance 40X water-immersion objective (HCX Apo 0.80), using the 405 nm diode for DAPI excitation.   174 

To better visualize intraradical fungal hyphae, selected samples were stained overnight at room 175 

temperature with acid fuchsin (Kormanik & McGraw, 1982) and imaged using 488nm excitation and 176 

600-700nm emission filters. Alternatively, DAPI-stained sections were washed three times in PBS 177 

and counterstained for 10 min at RT (Musielak et al., 2016) with 0.1% SCRI Renaissance 2200 178 

(SR2200; Renaissance Chemicals Ltd, North Duffield, Selby, UK) in PBS supplemented with 1% 179 

DMSO, 0.05% TritonX-100, 5% glycerol and 3.75% paraformaldehyde). Following a 10 min rinse in 180 

PBS, sections were mounted in 90% glycerol and imaged using the 405 nm diode for excitation of 181 
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both fluorochromes. Confocal images were false-coloured in green for DAPI and yellow for acid 182 

fuchsin and SR2200. 183 

 184 

Nuclear area and volume measurements 185 

Nuclear areas and volumes were analyzed in z-stacks of 375x375x45µm (1.5µm z step) derived from 186 

at least 25 independent sections (and five independent roots) per experimental condition, as 187 

described in Supplementary Methods S2. Maximum brightness projections of z-stacks are presented 188 

in the figures. 189 

 190 

Data analysis 191 

Following the collection of nuclear area measurements from wild-type, dmi2-2 and dmi3-1 ROC 192 

lines, we applied Sturges’ rule (Sturges, 1926), a statistical method that distributes data into an 193 

optimal number of classes based on population characteristics, including the average sample size 194 

(160 measurements per section in our case). Sturges’ rule divided our data into 8 classes for wild-195 

type mycorrhizal roots (with a class amplitude of 15 µm2) and 7 classes (with an amplitude of 13 196 

µm2) for both dmi2-2 and dmi3-1 mutants (average sample of 110 measures per section).  197 

Pearson’s correlation coefficient and Fisher’s test were calculated to test the correlation among 198 

mean area values for each Sturges class and ploidy levels. Logarithmic regression models were fitted 199 

to the data to represent the relationship between nuclear areas and ploidy levels (Supplemental 200 

Figure S7).  201 

The class subdivisions were used to label the measured nuclei on maximum brightness projection 202 

images, developing an atlas of nuclear sizes for wild-type, dmi2-2 and dmi3-1 for each experimental 203 

condition. 204 

 205 

Flow cytometry analysis of ploidy 206 

The analysis of nuclear DNA content by flow cytometry was performed as described by Vieira et al. 207 

(2013). Extracted nuclei were analysed using an LSRII Fortessa (BD Biosciences) flow cytometer and 208 

the BD FACS Diva Software (BD Biosciences). Since the intrinsic fluorescence of the nuclear-localized 209 

NupYC2.1 probe was not sufficient to identify ploidy classes in flow cytometry, we stained DNA with 210 

propidium iodide.  211 

Approximately 30000 and 25000 nuclei per run were analysed for uninoculated and inoculated 212 

samples, respectively. In each independent experiment, at least fifteen 1cm-long root samples 213 
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belonging to 5 independent ROCs were pooled in four technical replicates, and the average percent 214 

value of each ploidy class was calculated. Three experiments were run for wild-type ROCs, two for 215 

each CSSP-mutant ROC line, and the averages are presented in Figures 3, 4 and 6. All statistical 216 

analyses were done using Past multivariate statistics package v3.0 (Hammer et al., 2004). The 217 

statistical differences in the percentages of endoreduplicated nuclei (> 8C) between uninoculated 218 

and inoculated root segments were evaluated with Chi-Square test (P < 0.01).  219 

 220 

RNA extraction, cDNA synthesis and RT-PCR  221 

Four uninoculated and four inoculated biological replicates were collected from wild-type, dmi2-2 222 

and dmi3-1 ROCs to investigate gene expression. Each biological replicate consisted of fifteen 1cm-223 

long root segments harvested from at least five independent ROCs and were sampled 48/60 hours 224 

after hyphopodium formation. Samples were rapidly deprived of all visible root meristems and 225 

immediately flash-frozen in liquid nitrogen. 226 

RNA extraction and gene expression analyses were performed according to Russo et al. (2019), using 227 

a TissueLyser system (Qiagen, Hilden, Germany) for sample disruption, RNeasy™ Plant Mini kit 228 

(Qiagen, Hilden, Germany) for RNA extraction and TURBO™ DNase (Ambion, Austin, TX) to remove 229 

DNA contamination. Purified RNA samples were checked for DNA contamination by PCR analysis, 230 

using MtTEF (Elongation Factor 1α) primers (Supporting information Table S1).  231 

Specific primers for MtBCBP, MtPUB1, MtILP1, MtAPC/C subunit 2, MtCCS52A, MtTOPO-VI A, 232 

MtTopo-VI B, MtHist-H4 and MtE2Fe-DEL1 were designed based on M. truncatula CDS sequences 233 

from NCBI database (http://www.ncbi.nlm.nih.gov/) using SerialCloner software (Supporting 234 

Information Table S1). Primer validation was performed by conventional PCR assays on M. 235 

truncatula cDNA and G. margarita genomic DNA to exclude the detection of non-specific sequences. 236 

Quantitative RT-PCR analyses were done with a Rotor Gene 6000 machine (Qiagen, Hilden, 237 

Germany) as described in Russo et al. (2019). All reactions were performed with three technical 238 

replicates. The comparative threshold cycle method (Rasmussen, 2001) was used to calculate 239 

calibrated normalized relative quantities (CNRQ) of gene expression based on gene specific 240 

amplification efficiencies using the plant MtTEF (Hohnjec et al., 2005) as a reference gene. Prior to 241 

statistical analysis, CNRQ values were log-transformed.  242 

 243 

 244 

 245 
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Accession numbers 246 

Sequence data from this article can be found in the EMBL/GenBank data libraries under the 247 

following accession numbers: MTR_1g105120 (MtBCBP); Medtr5g090510 (MtPUB1); 248 

MTR_5g007520 (MtILP1); MTR_4g082150 (MtAPC/C subunit 2); MTR_4g102510 (MtCCS52A); 249 

MTR_6g077860 (MtTOPO-VI A); MTR_2g098510 (MtTOPO-VI B); MTR_7g029520 (MtHist-H4 250 

partial); MTR_4g106540 (MtE2Fe-DEL1) and MTR_6g021805 (MtTEF). 251 

  252 
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RESULTS 253 

 254 

AM colonization associates with nuclear size increase in both whole plants and ROCs 255 

Confocal microscopy observations of 100µm-thick sections from DAPI-stained mycorrhizal root 256 

segments of wild-type M. truncatula plants revealed obvious changes in nuclear size and shape in 257 

arbusculated cells compared to cortical cells from uninoculated roots (Fig. 1). Based on this 258 

observation, we measured the size of all visible nuclei in longitudinal root sections. Our analysis (Fig. 259 

1e) confirmed that the average nuclear area in mycorrhizal root sections (32.4 ± 0.3 µm2) was 260 

significantly increased by ~1.4 fold compared to uninoculated roots (23.4 ± 0.1 µm2). Furthermore, 261 

frequency distributions of nuclear areas (Fig. S1a) were significantly larger (Kruskal-Wallis test at P 262 

< 0.01) in mycorrhizal roots (ranging between 15 to 111 µm2) than controls (15 to 43 µm2). 263 

Using the Fiji plugin 3D-Object Counter to measure nuclear volumes in the same confocal z-stacks 264 

(Figure 1f) confirmed the increase in average nuclear volume for mycorrhizal (49 ± 1.4 µm3) 265 

compared to uninoculated root sections (35.3 ± 0.6 µm3). Also in this case, the frequency 266 

distribution of nuclear volumes (Fig. S1b; Kruskal-Wallis test at P < 0.01) was larger in mycorrhizal 267 

(20 to 205 µm3) than in uninoculated roots (20 to 119 µm3). 268 

Our combined 2D and 3D measurement of nuclear size suggested a significant increase in 269 

mycorrhizal compared to uninoculated M. truncatula roots, with the appearance of a dispersed 270 

population of enlarged nuclei in the presence of AM colonization. These results extended previous 271 

descriptions of enlarged and lobed nuclei in arbusculated cells (Balestrini et al., 1992; Lingua et al., 272 

2001). Since nuclear enlargement may result from either chromatin decondensation (resulting in 273 

increased transcriptional activity not affecting DNA content) or endoreduplication, we decided to 274 

investigate ploidy levels in mycorrhizal and uninoculated root samples of M. truncatula by flow 275 

cytometry. Unfortunately, analyses provided consistent results for uninoculated roots, but those 276 

from mycorrhizal roots were not reliable due to nuclear aggregations and debris. Indeed, 277 

microscopic observation of nuclei extracted from 35 days old mycorrhizal root segments revealed 278 

the presence of abundant debris, likely derived from hyphal fragmentation and causing the flow 279 

cytometer detector to malfunction. 280 

Consequently, hypothesizing that nuclear changes were likely associated with pre-penetration 281 

responses, we decided to focus our investigations on an earlier stage of AM colonization, when 282 

intraradical fungal structures are restricted to fewer cells. To achieve this aim, we established in 283 
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vitro mycorrhizal root organ cultures (ROCs) of M. truncatula and G. margarita, where root 284 

colonization could be monitored (Chabaud et al., 2002) and short sub-hyphopodial segments with 285 

developing colonization units - including a few arbuscules - could be collected 3 days after 286 

hyphopodium formation.  287 

Preliminary confocal imaging performed on 100µm-thick sections (Fig. 2a-d) confirmed nuclear 288 

enlargement in arbusculated cells, as previously observed in pot-grown M. truncatula (Fig. 1). 289 

Quantitative analysis confirmed that average areas and volumes were both significantly smaller 290 

(independent sample’s median test, P < 0.01) in uninoculated compared to mycorrhizal ROCs (Fig. 291 

2e,f). Average nuclear area changed from 36.4 ± 1.7 µm2 in uninoculated to 49 ± 1.9 µm2 in 292 

mycorrhizal samples, with corresponding changes in average nuclear volume (from 41.8 ± 3.2 µm3 293 

to 54 ± 3.1 µm3). In agreement with our observations on whole plants, the frequency distribution of 294 

nuclear volumes for ROC samples (Supplemental Figure 2a) showed a significantly (Kruskal-Wallis 295 

test at P < 0.01) wider range in mycorrhizal (20 - 220 µm3) than in uninoculated segments (20 - 145 296 

µm3). 297 

Together, our analyses clearly showed that nuclear enlargement occurred during early stages of the 298 

interaction and was not limited to arbusculated cells, but extended to a few adjacent cells (Fig. 2 299 

b,d), prompting us to further investigate this pattern.  300 

 301 

G. margarita colonization causes local ploidy increase 302 

We firstly applied flow cytometry to compare ploidy levels in PI-stained nuclei extracted from 303 

uninoculated and 3-day-old sub-hyphopodial segments (Fig. 3 a-b). Ploidy in uninoculated segments 304 

ranged from 2C to 32C (Fig. 3a), with 98.94% of 2C-4C nuclei and 1.06% of endoreduplicated nuclei, 305 

corresponding to 8C or higher ploidy. Importantly, only 8C and higher ploidy levels are reliable 306 

indicators of endoreduplication events, since the 4C class may include diploid cells caught in the G2 307 

phase of mitosis at the moment of sampling (Vinardell et al., 2003). 308 

By contrast, the range of ploidy in sub-hyphopodial segments reached as high as 256C (Fig. 3b) and 309 

a nearly three-fold increase (from 1.06% to 3.13%) was recorded in the percentage of 310 

endoreduplicated nuclei (above 8C). Increases were particularly conspicuous in 8C (two-fold), 16C 311 

(eleven-fold) and 32C (seven-fold) classes, deriving from two, three and four endoreduplication 312 

cycles, respectively. The occurrence of 64C, 128C and 256C nuclei was solely observed in sub-313 

hyphopodial segments. Furthermore, the increase in endoreduplicated nuclei in mycorrhizal 314 
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samples corresponded to a decrease in the 4C class (from about 41% to 36%), suggesting that 4C 315 

cells had undergone endoreduplication.  316 

Following prior observations that nuclear enlargement was limited to arbusculated and adjacent 317 

cortical cells, we imaged entire 1cm-long sub-hyphopodial root segments to better investigate this 318 

pattern and determine how far this response extended along the root axis, in areas that were just 319 

beyond the span of intraradical hyphae (Fig.4 a,b). This confirmed that the nuclear size increase was 320 

focused on cortical cells in the colonized area and a majority of small nuclei was present in the 321 

uncolonized ends of each root segment. We then used flow cytometry to analyze ploidy in the 322 

central region of sub-hyphopodial segments (where most of the colonization had developed) and 323 

compared it with the root segment ends, where no or very few intraradical hyphae were present 324 

(Fig. 4 a,b).  325 

This analysis (Figure 4 c,d) showed that 2.02% endoreduplicated nuclei (8C or higher ploidy) were 326 

extracted from uncolonized ends (Fig. 4c), while this percentage raised to 3.43% in the central region 327 

(Fig. 4d), with an almost two-fold increase in 8C, 16C, 32C, 64C and 128C classes.  328 

Taken together, these results strongly suggest that the observed nuclear enlargement associated 329 

with AM colonization is related to ploidy increases. Furthermore, such increases are strongly 330 

focused on the colonized area. Lastly, the strict localization of ploidy changes in the vicinity of young 331 

and expanding colonization units points to the activation of repeated endoreduplication cycles 332 

alongside fungal propagation, and a consequent possible role for endoreduplication in the 333 

accommodation response. 334 

 335 

Nuclear size and ploidy levels are unchanged in AM inoculated CSSP mutants 336 

To further test this hypothesis, we extended our analyses to uninoculated and inoculated ROCs from 337 

dmi2-2 and dmi3-1 M. truncatula mutants (Catoira et al., 2000; Morandi et al., 2005). In these 338 

mutants, AM colonization is arrested at hyphopodium formation and no intraradical hyphae or 339 

arbuscules develop under in vitro conditions (Genre et al., 2005). Image analysis of nuclear areas 340 

and volumes in 3-day-old sub-hyphopodial segments showed no statistically significant change in 341 

the nuclear populations from uninoculated and inoculated ROCs (Figure 5a-d). Similarly, no 342 

difference (Kruskal-Wallis test, P > 0.05) was found between frequency distributions of nuclear 343 

volumes (Supplemental Figure S2 b,c).  344 

Flow cytometry-based ploidy analysis confirmed the absence of any significant increase in ploidy 345 

levels between sub-hyphopodial and uninoculated root segments for any of the mutants (Fig. 6a-d). 346 
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The limited presence of higher ploidy levels in all mutant ROCs may be related to nuclei from the 347 

central cylinder, which appear larger in both mutant backgrounds compared to the wild-type. This 348 

aspect is further discussed in the next sections.  349 

In conclusion, the lack of changes in nuclear size and ploidy in both CSSP mutants - where fungal 350 

penetration is arrested at the epidermal level - confirmed the association of nuclear enlargement 351 

and endoreduplication onset with fungal colonization of the root cortex.  352 

 353 

Endocycle and S-phase markers are upregulated in wild-type inoculated roots 354 

We then investigated the expression of endocycle markers and S phase-expressed genes in 3-day-355 

old sub-hyphopodial root segments and corresponding uninoculated segments from wild-type, 356 

dmi2-2 and dmi3-1 M. truncatula ROCs.  357 

Firstly, we confirmed the occurrence (in wild-type) or lack of AM colonization (in both mutants) by 358 

analyzing the expression of two acknowledged plant symbiotic markers (Supplemental Figure 3a,b): 359 

the Blue Copper-binding Protein MtBCBP (Parádi et al., 2010), an early marker of cortex colonization 360 

and arbuscule development, and the E3 ubiquitin ligase MtPUB1 (Vernié et al., 2016), an interactor 361 

of DMI2.  362 

We then chose five acknowledged endocycle markers based on data in the literature. Two of them 363 

are negative regulators of G2-M-specific cyclins (Fig. 7a): MtAPC/C subunit 2 (Tarayre et al., 2004), 364 

a member of the catalytic core in the plant Anaphase-Promoting Complex/Cyclosome (APC/C); and 365 

MtCCS52A (Cell Cycle Switch Protein 52A; Cebolla et al. 1999), a regulator of APC/C. The remaining 366 

three act during DNA replication in the S phase:  MtTOPO-VI A (MtVAG1) and MtTOPO-VI B (Bergerat 367 

et al., 1994, 1997; Cortes & Pastor, 2003; Kondorosi & Kondorosi 2004), respectively the A and B 368 

subunits of DNA Topoisomerase VI; and MtHist-H4 (Lepetit et al., 1992; Mariconti et al., 2002), a 369 

histone component of nucleosomes, required during DNA replication. 370 

All five marker genes significantly increased their expression levels in mycorrhizal compared to 371 

uncolonized wild-type roots (Fig. 7b). By contrast, their transcript levels remained unchanged in the 372 

absence or presence of G. margarita hyphopodia, in both dmi2-2 and dmi3-1 mutants (Fig. 7b), with 373 

the exception of MtTOPO-VI A, which showed a decrease in dmi2-2 and a small increase in dmi3-1 374 

inoculated roots.  375 

In addition, the expression of the endocycle regulator MtE2Fe/DEL1, a DP/E2F-like transcription 376 

factor repressing CCS52A (Lammens et al., 2008), did not change upon AM inoculation of wild-type 377 

or dmi2-2 and dmi3-1 lines (Fig. 7b).  378 
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Furthermore, to check if an additional regulatory pathway repressing A2-type cyclins - and thus 379 

triggering endocycle - was activated in response to AM colonization, we analyzed the expression of 380 

MtILP1 (De Veylder et al., 2011), a homolog protein to the C-terminal region of the mammalian GC-381 

binding factor (Supplemental Figure 3c). MtILP1 transcript level did not change significantly in 382 

control and mycorrhizal wild-type samples. However, its expression was upregulated in inoculated 383 

root segments of dmi2-2 and dmi3-1 mutants compared to their respective controls. This intriguing 384 

result suggests that this alternative endocycle pathway (Yoshizumi et al., 2006) - normally not 385 

triggered by AM in the wild-type - is activated in CSSP mutant background probably in response to 386 

G. margarita contact, downstream of CSSP-independent perception of AM fungal signals (Bonfante 387 

& Requena, 2011). 388 

Overall, our gene expression results converge in supporting the occurrence of endoreduplication in 389 

root areas directly involved in AM fungal accommodation. In particular, the upregulation of key 390 

endocycle markers provides convincing molecular background to our observation of repeated 391 

rounds of endoreduplication in the vicinity of intraradical fungal structures.  392 

 393 

A map of putative ploidy in M. truncatula roots 394 

A reliable estimation of ploidy based on nuclear size is constrained by the fact that nuclear expansion 395 

may result from a combination of increases in DNA, protein or RNA content in the nucleoplasm. 396 

Nevertheless, a positive correlation between ploidy and nuclear size has been demonstrated in 397 

several plant tissues (Barrow, 2006; Bourdon et al., 2010; Robinson et al., 2018), especially in the 398 

case of repeated endoreduplication cycles (D’Amato, 1984; Joubés et al., 1999; Grandjean et al., 399 

2004). We therefore decided to map out an atlas of nuclear size as a bona fide reporter of nuclear 400 

ploidy in longitudinal sections of uninoculated and inoculated M. truncatula roots, in an attempt to 401 

broaden our view of the correlation between fungal position and endoreduplication. 402 

Firstly, we applied Sturges’ rule (Sturges, 1926) to our data set of nuclear sizes in wild-type 403 

uninoculated and mycorrhizal ROC segments. This statistical analysis (see Materials and methods) 404 

identified five distinct classes in the population of nuclear areas from uninoculated samples (Fig. 405 

8a), with average areas of 21.3 μm2 (class I), 36.0 μm2 (Class II), 52.4 μm2 (Class III), 65.3 μm2 (Class 406 

IV), 76.5 μm2 (Class V), respectively. However, the Sturges analysis of mycorrhizal samples identified 407 

eight such classes (Fig. 8a) with respective sizes of 22.2 μm2 (Class I), 39.6 μm2 (Class II), 51.89 μm2 408 

(Class III), 66.7 μm2 (Class IV), 82.17 μm2 (Class V), 95.53 μm2 (Class VI), 114.93 μm2 (Class VII) and 409 

127 μm2 (Class VIII).  410 
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Notably, the five and eight nuclear classes - identified by applying descriptive statistics (Sturges, 411 

1926) to our population of measurements - matched with the corresponding five and eight ploidy 412 

levels detected by flow cytometry. Moreover, the average nuclear area between classes showed a 413 

significant logarithmic positive correlation with the increase of the ploidy levels in both control (r = 414 

0.90; P < 0.05) and mycorrhizal (r = 0.85; P < 0.01) sections (Fig. S4 a,b).  415 

On this basis, we used this clustering to tag nuclei in our original images (Supplementary Figure S5) 416 

with different colors based on their size, obtaining maps of putative ploidy such as those shown in 417 

Figure 8 b,c. A detailed analysis of such maps from uninoculated roots (Fig. 8d) revealed that all 418 

epidermal nuclei belonged to classes I (29.1%) and II (0.3%) (Fig. 8b, red), while classes III, IV and V 419 

(Fig. 8b, orange) only appeared in cortical cells with percentages of 12.3%, 1.0% and 0.1%, 420 

respectively. This is in agreement with the expected polysomatic nature of M. truncatula roots 421 

(Kondorosi et al., 2000; Barrow & Meister, 2003).  422 

The relative abundance of small nuclei (class I and II) in epidermal cells (24.3 % and 0.6%, 423 

respectively) was conserved in mycorrhizal root sections (Fig. 8d, Supplementary Figure S6 a). 424 

However, a larger population (19.3%) of class III, IV, V, VI, VII and VIII (13.0%, 4.0%, 1.5%, 0.6%, 0.1% 425 

and 0.1%, respectively) appeared in the cortex. Such large nuclei marked strictly the course of G. 426 

margarita hyphae (Fig. 8c, orange and yellow). In particular, enlarged nuclei concentrated in 427 

colonized cells (Fig. 8c; Supplementary Figure S6) and in the vicinity of intercellular hyphae 428 

(Supplementary Figure S6 b-e), with the largest classes (VI, VII and VIII) corresponding to 429 

arbusculated and neighboring cells (Fig 8c, Supplementary Figure S6 d-f).  430 

In conclusion, even in the absence of direct evidence linking nuclear size and ploidy, our results 431 

provide indications that the ploidy increases described by flow cytometry correspond to the nuclear 432 

size increases observed by microscopy. Consequently, AM-related endoreduplication events appear 433 

to be restricted to the root cortex. 434 

In contrast to the wild-type, the range of nuclear areas was unchanged in uninoculated and sub-435 

hyphopodial segments from both dmi2-2 and dmi3-1 mutant lines (Fig. S5 c-f). In fact, Sturges’ rule 436 

identified seven overlapping classes of nuclear areas in all four measurements of populations 437 

(Supplementary Figure S7 a). Similarly to the wild-type, we noted a full agreement between the 438 

number of nuclear classes and the number of ploidy levels detected by flow cytometry in both 439 

mutants (Fig. 6), where nuclear size increases also correlated (r = 0.90; P < 0.01) with the ploidy 440 

levels (Supplementary Figure S4 c-f). This scenario is represented in the maps presented in 441 

Page 15 of 47

Manuscript submitted to New Phytologist for review



For Peer Review

16 
 

Supplementary Figure S7 (b-e), where a comparable pattern of nuclear classes can be observed in 442 

both uninoculated and sub-hyphopodial segments of the two mutant lines. 443 

Furthermore, we took advantage of the maps to analyze nuclear size in different cell types. As shown 444 

in Figure 9, average nuclear areas in epidermal cells were identical among control and inoculated 445 

roots of wild-type, dmi2-2 and dmi3-1 ROC lines (approximately 20 μm2). The average nuclear areas 446 

of uncolonized cortical cells were also very similar between control and inoculated roots of the three 447 

ROC lines (approximately 40 μm2). By contrast, the cortex of mycorrhizal wild-type roots displayed 448 

a pronounced increase in nuclear size for arbusculated cells (71.3 ± 10.3 μm2) and a more moderate, 449 

but also statistically significant, increase in their neighboring uncolonized cortical cells (48.6 ± 4.3 450 

μm2).  451 

In conclusion, detailed image analysis extended our understanding of nuclear responses to AM 452 

colonization of the root epidermal and cortical tissues, providing convincing evidence that size 453 

increases associated with fungal accommodation are limited to cortical cells that host fungal 454 

structures and those in their close vicinity, hinting at the activation of recursive endoreduplication 455 

events limited to the area of the root cortex where the fungus is accommodated. 456 

 457 

 458 

DISCUSSION 459 

 460 

Several microorganisms are known to manipulate the plant cell cycle machinery (Chandran & 461 

Wildermuth, 2016; Wildermuth et al., 2017), and growing evidence is in favor of a convergent 462 

evolution in both pathogenic and symbiotic plant interactions toward the promotion of host cell 463 

divisions and/or endoreduplication associated to microbe colonization (Wildermuth et al., 2010; Le 464 

Fevre et al., 2015; Chandran & Wildermuth, 2016).  465 

Biotroph-induced tumors formed by mitotic proliferation are hallmarks of Agrobacterium 466 

tumefaciens (Gohlke & Deeken, 2014), Ustilago maydis (Brefort et al., 2009), and Rice black-streak 467 

dwarf virus (Shen et al., 2016). The powdery mildew Golovinomyces orontii induces host cell 468 

endoreduplication in Arabisopsis thaliana mesophyll cells hosting its feeding structures (Chandran 469 

et al., 2010; 2013). Plant parasitic root-knot nematodes form galls harboring polyploid 470 

multinucleated giant feeding cells associated with mitosis and endoreduplication reactivation (de 471 

Almeyda Engler & Gheysen, 2013; Kyndt et al., 2013; Siddique et al., 2015).  472 
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Mitosis and endocycle activation are also a feature of mutualistic interactions. Root nodule 473 

development in SNF requires the de novo formation of a meristem from dividing cortical cells (Xiao 474 

et al., 2014), and nodule cells that host N-fixing bacteroids go through several rounds of 475 

endoreduplication (Cebolla et al., 1999; Foucher & Kondorosi, 2000; Jones et al., 2007). Cell division 476 

and hypertrophy have also been reported in cortical and pericycle cells of Casuarina glauca (Laplaze 477 

et al., 2000) and Ceanothus (Berry & Sunnel, 1990) during intracellular and intercellular infection 478 

respectively, induced by Frankia hyphae (Tromas et al., 2013). Recently, ectopic cell divisions were 479 

detected in the cortex of AM colonized roots (Russo et al., 2019), while the occurrence of 480 

endoreduplication has so far been more difficult to assess, likely due to the transitory nature of 481 

fungal colonization and its asynchronous development.  482 

 483 

AM colonization and local increases in ploidy 484 

A hallmark of AM fungal accommodation is the profound reorganization of the host cell, starting 485 

from PPA assembly (Blancaflor et al., 2001; Genre et al 2008). Among these changes, cortical nuclei 486 

are reported to move to the cell center, and their associated size increase has previously been 487 

explained with possible endocycle activation (Berta et al., 2000; Fusconi et al., 2005; Bainard et al., 488 

2011; Ivanof & Harrison 2014) and/or chromatin decondensation (Balestrini et al., 1992), linked to 489 

increased transcriptional activity (Genre et al., 2008; Gaude et al., 2012). Moreover, global increases 490 

in root ploidy upon AM colonization have been described in Solanum lycopersicum (Berta et al., 491 

2000), Pisium sativum L. (Repetto et al., 2007), Allium porrum (Fusconi et al., 2005), and more 492 

recently in a number of angiosperm species (Bainard et al. 2011). Nevertheless, limited evidence is 493 

available of a correlation in time and space between nuclear changes and early stages of fungal 494 

accommodation.  495 

In this scenario, our convergent results from flow cytometry, microscopy and gene expression 496 

analysis reveal that repeated rounds of endoreduplication are induced in M. truncatula roots as 497 

early as 48-60 hours after the formation of a G. margarita hyphopodium. Our novel and convincing 498 

evidence shows that this increase in ploidy levels is restricted to the root cortex, mainly to 499 

arbusculated and neighboring cells, anticipating fungal spread along the root axis.  500 

While previous studies have been mostly focused on the analysis of relative changes in specific 501 

ploidy classes (e.g. 2C and 8C in Berta et al., 2000; 2C and 4C in Lingua et al., 2005), our analyses 502 

detected up to eight distinct classes, ranging between 2C and 256C. In agreement with Berta et al. 503 

(2000), we observed a slight decrease in 4C nuclei in colonized roots, which might correspond to 504 
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cortical cells that entered endoreduplication. In addition, we observed a strong increase in 8C, 16C 505 

and 32C classes for AM samples, and most notably the appearance of 64C, 128C and 256 C nuclei. 506 

This ability to resolve higher ploidy classes compared to previous research may be a consequence 507 

of our targeted sampling: selecting sub-hyphopodial segments may in fact have reduced the dilution 508 

of fewer populated high ploidy classes and possibly also improved the overall quality of nuclear 509 

extracts (de Almeida-Engler et al., 2016). 510 

Furthermore, our detailed analysis of nuclear size distribution in longitudinal root sections and its 511 

correlation with ploidy revealed additional details. Firstly, epidermal cells do not appear to undergo 512 

endoreduplication, either prior to or following fungal penetration. This is in agreement with the 513 

conserved diploid status of root epidermal cells in most plants (Barrow, 2006) and the live 514 

observation of prepenetration responses to AM fungi, where nuclear enlargement has never been 515 

reported in the epidermis (Genre et al., 2008). Similarly, during rhizobial infection of legume roots, 516 

nuclear enlargement (and occasionally cell division) has been described in association with pre-517 

infection threads in the root cortex (Van Brussel et al., 1992; Sieberer et al., 2012; Lace & Ott, 2018), 518 

but not in epidermal cells.  519 

Consistent with cytometric and microscopic observations, our gene expression analyses revealed 520 

the upregulation of several key endocycle and S-phase markers during early AM colonization. The 521 

involvement of CCS52 in AM, reported here, indicates the activation of the APC/C complex triggering 522 

the endocycle machinery during AM accommodation. Our data fit with previous reports of the 523 

involvement of CULLIN-4 during endocycle progression (Tahiri-Alaoui et al., 2002; Roodbarkelari et 524 

al., 2010). Based on the expression of CCS52A and APC/C subunit 2, we assume that the APC/C 525 

pathway controls endoreduplication in AM colonized roots 48 to 60 h after hyphopodium formation. 526 

Activation of CCS52 genes has also been reported in plant hosts during rhizobium- (Cebolla et al., 527 

1999; Vinardell et al., 2003; Roux et al., 2014; Suzaki et al., 2014; Yoon et al., 2014) and nematode- 528 

(Favery et al., 2002; de Almeida-Engler et al., 2012) interactions.  529 

By contrast, the CCS52 repressor MtE2F2-DEL1 was not upregulated in colonized roots, in 530 

agreement with previous studies (de Almeida-Engler et al., 2012), indicating a role for this gene in 531 

mitotically active (Lammens et al., 2008), but not endoreduplicating, cells (Vlieghe et al., 2005).  532 

 533 

Signaling and ploidy increase 534 

Interestingly, the extension of nuclear size increase to uncolonized cortical cells located in the 535 

vicinity of arbuscules and ahead of intraradical hyphal tips, suggests the presence of a yet 536 
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unidentified cell-to-cell signaling anticipating fungal arrival. These observations are in line with 537 

previous descriptions of cellular reorganization in the vicinity of colonized cortical cells (Blancaflor 538 

et al., 2001; Genre et al., 2008; Harrison, 2005). In this frame, CSSP-dependent activation of DELLA 539 

proteins was shown to induce the expression of genes involved in arbuscule development, such as 540 

RAM1 and RAD1 (Floss et al., 2013; Park et al., 2015; Takeda et al., 2015). Furthermore, Claeys et al. 541 

(2012) showed that DELLA proteins induce mitotic exit by modulating APC/C complex through 542 

down-regulation of E2F-DEL1 (Pettkó-Szandtner et al., 2006; De Veylder et al., 2007). In this scenario 543 

our observation of unchanged E2F-DEL1 expression in inoculated and uninoculated samples seem 544 

to exclude the involvement of this gene in AM-associated endocycle activation.  545 

Nevertheless, our analyses of dmi2-2 and dmi3-1 mutants, indicating no change in nuclear size, 546 

ploidy or endocycle-related gene expression upon AM inoculation, provide indirect support for the 547 

involvement of signaling mechanisms. In fact, since CSSP-mediated signaling, PPA formation and 548 

fungal penetration are all absent in roots of both mutants, nuclear ploidy increase may be either 549 

directly induced by CSSP activation, or by the CSSP-dependent presence of fungal structures in the 550 

inner root tissues.  551 

Along the same line, the expression of APC/C pathway-related genes confirms that 552 

endoreduplication is not induced by the AM fungus in either mutant. Only the DNA topoisomerase 553 

VI subunit A is differentially regulated in both inoculated mutants, with a decrease in transcript 554 

abundance for dmi2-2 and an increase for dmi3-1. At present, this differential expression might be 555 

related to its function in another unidentified protein complex. 556 

So far, our results in wild-type and mutant M. truncatula indicate endoreduplication as a key 557 

element of fungal accommodation-related processes in AM. This complements previous studies on 558 

the activation of cell division in the inner cortex of inoculated roots (Russo et al., 2019), overall 559 

supporting the hypothesis that cell cycle reactivation is required for symbiotic interface biogenesis 560 

through the redirection of the cell plate machinery. Although unpredicted, this process mirrors 561 

analogous mechanisms observed in several plant-microbe interactions and suggests that we are 562 

dealing with a conserved plant response to diverse biotrophic partners (Chandran & Wildermuth, 563 

2016; Wildermuth et al., 2017; Lace & Ott, 2018). 564 
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 895 

FIGURE LEGENDS 896 

 897 

Fig. 1. Analysis of nuclear size in uninoculated and mycorrhizal roots of M. truncatula. 898 

Representative confocal images (z-stack projections) of longitudinal root sections from pot grown 899 

M. truncatula stained with DAPI to visualize nuclear morphology (a,b) and acid fuchsin (c,d) to 900 

highlight intraradical hyphae (hy) and arbuscules (ar). DAPI staining revealed an apparent increase 901 

in nuclear size (b, white arrows) for all colonized cortical cells from mycorrhizal roots. After the 902 

comparison with fuchsin-stained samples, intraradical fungal structures are easily recognizable in 903 

DAPI images by their numerous small nuclei (asterisks) and a diffuse background fluorescence. Scale 904 

bars = 50 µm.  905 

Histograms in (e,f) report average nuclear areas (e) and volumes (f) as estimated through image 906 

analysis of 2052 and 2222 DAPI-stained nuclei from 20 uninoculated and 20 mycorrhizal root 907 

segments respectively. Colonization of cortical cells produced a significant increase in both nuclear 908 
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areas and volumes. Bars represent standard errors; asterisks indicate statistically significant 909 

differences based on independent sample median tests for data with non-normal distribution (P < 910 

0.01). G. m. = Gigaspora margarita. 911 

 912 

Fig. 2. Analysis of nuclear size in uninoculated and mycorrhizal M. truncatula ROCs. Representative 913 

images of longitudinal sections stained with DAPI (green, a, b) and SR2200 (gold, c, d) show nuclear 914 

and cell wall morphology in uninoculated (a, c) and mycorrhizal (b, d) segments of root organ 915 

cultures (ROCs). Large nuclei were found in arbusculated cells (white arrows) and some of the 916 

neighboring cortical cells (red arrows), compared to the smaller nuclei of distant cortical cells (white 917 

arrowheads), which were comparable in size to those observed in uninoculated roots (a, c). Small-918 

sized fungal nuclei are evident in hyphae and arbuscules (asterisks). DAPI-SR2200 counter-staining 919 

(c, d) provided a clearer labeling of plant and fungal (ar) walls, confirming the increase in nuclear 920 

size (white arrows) of arbusculated versus uncolonized cortical cells (arrowheads). Scale bars = 50 921 

µm.  922 

Histograms in (e) report average areas of 3600 and 3850 DAPI-stained nuclei from 25 uninoculated 923 

and 25 mycorrhizal root segments respectively. Histograms in (f) represent average calculated 924 

volumes of 2000 and 2449 nuclei from the same respective samples. Both nuclear areas and 925 

volumes significantly increased in mycorrhizal compared to uninoculated ROCs. Bars represent 926 

standard errors; asterisks indicate statistically significant differences based on independent sample 927 

median tests (P < 0.01). G. m. = Gigaspora margarita. 928 

 929 

Fig. 3. Analysis of ploidy by flow cytometry in uninoculated and mycorrhizal M. truncatula ROC 930 

segments. The majority of nuclei in uninoculated segments (a) consisted of 2C and 4C nuclei 931 

(98.94%), while endoreduplicated nuclei (8C, 16C and 32C) represented 1.06% of extracted nuclei. 932 

By contrast, a three-fold increase in the percentage of endoreduplicated nuclei (3.13%) and the 933 

appearance of higher ploidy classes (64C, 128C and 256C) was recorded in mycorrhizal (sub-934 

hyphopodial) segments. Chi-Square analysis identified a significant difference between percentages 935 

of endoreduplicated nuclei (above 8C) in uninoculated and mycorrhizal root segments (P < 0.01). 936 

Histograms report average values from three independent experiments; error bars represent 937 

standard deviations. G. m. = Gigaspora margarita.  938 

 939 
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Fig. 4. Analysis of ploidy in central versus terminal zones of sub-hyphopodial M. truncatula ROC 940 

segments. The scheme in (a) represents a typical infection unit in 48-60 h old sub-hyphopodial 941 

segments of M. truncatula, with a patch of hyphae and arbuscules (ar) in the central zone, directly 942 

underneath the hyphopodium (hp), and very few intraradical fungal structures in either terminal 943 

end of the segment. Panels in (b) display corresponding confocal images from a DAPI-stained ROC 944 

segment. Larger nuclei (arrows) were more abundant in the central zone than in terminal ends, and 945 

characterized cells that were either colonized or adjacent to the intraradical fungal structures (white 946 

dashed line). Scale bars = 50 µm.   947 

Terminal and central sections from 1 cm-long sub-hyphopodial ROC segments were excised and 948 

used for ploidy analysis through flow cytometry (c, d). Results demonstrated that 2.02% of nuclei in 949 

terminal sections were endoreduplicated (8C and higher ploidy classes), while this population 950 

increased to 3.43% in central sections. Chi-Square analysis identified a significant difference 951 

between percentages of endoreduplicated nuclei (> 8C) in terminal and central root sections (P < 952 

0.01). Histograms report average values from three independent experiments; error bars represent 953 

standard deviations. 954 

 955 

Fig. 5. Average nuclear areas and volumes in uninoculated and inoculated dmi2-2 and dmi3-1 956 

ROCs. Histograms report average areas (a, b) and volumes (c, d) of DAPI-stained nuclei in 957 

uninoculated and inoculated ROC segments from dmi2-2 (a, c) and dmi3-1 (b, d) M. truncatula 958 

mutants. No statistically significant difference was observed in inoculated segments of either 959 

mutant line (independent sample median tests; P > 0.05). Bars represent standard errors. G. m. = 960 

Gigaspora margarita. 961 

 962 

Fig. 6. Analysis of ploidy in uninoculated and inoculated segments of dmi2-2 and dmi3-1 M. 963 

truncatula ROCs. Around 99% of nuclei in both uninoculated (a) and inoculated (sub-hyphopodial) 964 

dmi2-2 ROC segments (b) displayed 2C and 4C ploidy levels, with a comparably small percentage 965 

(around 1%) of endoreduplicated nuclei (8C to 128C). The same scenario was observed in dmi3-1 966 

mutants (c, d). Chi-Square analysis confirmed no significant differences between percentages of 967 

endoreduplicated nuclei (> 8C) in uninoculated and inoculated roots of mutant lines (P > 0.05). 968 

Histograms report average values from two independent experiments; error bars represent 969 

standard deviations. G. m. = Gigaspora margarita. 970 

 971 
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Fig. 7. Regulation of endoreduplication markers and S-phase related genes in wild-type, dmi2-2 972 

and dmi3-1 mutant ROCS at 48-60 hours after hyphopodium development.  973 

The scheme in (a), modified from Kalve et al. (2014), represents the regulatory machinery of the G2-974 

M switch, controlling endocycle activation. Low levels of G2-M cyclins CYCA2 and CYCB1, and the 975 

consequent triggering of endoreduplication, are obtained through both transcriptional repression 976 

and proteolysis. CYCA2 expression is inhibited by ILP1 (Increased level of polyploidy 1), while CYCB1 977 

is repressed by MYB3R transcription factors. Proteolytic degradation of both cyclins is activated by 978 

APC/C (Anaphase Promoting Complex/Cyclosome), an E3 ubiquitin ligase, following its activation by 979 

the CCS52A (Cell Cycle Switch 52A) transcription factor. Endocycle inhibition (or entry into the M 980 

phase) is mediated by other transcription factors such as UVI4 (ULTRAVIOLET-B-INSENSITIVE 4) and 981 

DEL1 (DP-E2F-like transcription factor E2Fe-DEL1) that inhibit APC/C. By contrast, endocycle onset 982 

has been associated with the modulation of APC/C complex through down-regulation of E2F-DEL1 983 

and UVI4 induced by DELLA proteins (Claey et al., 2012). The CSSP-induced gibberellin repressor 984 

protein DELLAs are transcription regulators that have recently been involved in regulation of 985 

arbuscule development and cell cycle (Floss et al., 2013; Takeda et al., 2015). Endocycle-associated 986 

rounds of DNA replication require the expression of histones (H4, H3, H2A and H2B) and DNA 987 

topoisomerase VI (TOPO-VI). Question marks indicate partially unexplored regulatory pathways. 988 

Genes of interest for this research are highlighted in red and their expression levels in sub-989 

hyphopodial compared to uninoculated ROC segments are reported in panel (b). In detail, transcript 990 

levels were compared in uninoculated (white histograms) and inoculated (sub-hyphopodial) root 991 

segments (grey histograms) on wild-type, dmi2-2 and dmi3-1 ROCs. APC/C subunit 2 and CCS52A 992 

transcripts were significantly upregulated in inoculated wild-type compared to controls, while no 993 

significant differences were observed in dmi2-2 and dmi3-1 mutants, where fungal penetration is 994 

arrested at hyphopodium development. A comparable regulation was observed in wild-type for A 995 

(TOPO-VI A) and B (TOPO-VI B) subunits of DNA Topoisomerase VI. By contrast, a differential 996 

regulation was recorded in mutants: TOPO-VI A was significantly down-regulated in dmi2-2 and 997 

upregulated in dmi3-1 inoculated roots, while no change was observed in Topo-VI B expression. Hist-998 

H4 expression was significantly upregulated only in inoculated wild-type, while the transcript level 999 

of E2F-DEL1 remained unchanged in all samples. Fold changes (relative expression levels) are 1000 

normalized to the corresponding controls. Histograms represent the mean of four biological 1001 

replicates. Error bars indicate standard errors. Asterisks indicate statistically significant differences; 1002 

T-test p value < 0.03. G. m. = Gigaspora margarita. 1003 
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Fig. 8. Maps of putative ploidy in uninoculated and mycorrhizal M. truncatula ROCs. (a) All nuclear 1004 

areas manually measured in 375x375x45µm z-stack projections from M. truncatula uninoculated 1005 

(25 images, 3600 nuclei) and mycorrhizal (25 images, 3850 nuclei) ROC segments were clustered 1006 

according to Sturges’ rule into 15 µm2 wide classes. Five and eight classes were identified in 1007 

uninoculated and mycorrhizal sections, respectively, corresponding to ploidy classes identified by 1008 

flow cytometry. Size limits and average area (µm2) ± standard deviation are presented for each class.  1009 

Nuclear classes were used to assemble the composite images such as those shown in (b, c): nuclear 1010 

sizes were mapped using tags of the same color as the class background in table (a). In uninoculated 1011 

roots (b), red tagged nuclei are mainly localized in the epidermis, while cortical cells contain both 1012 

red and orange nuclei. When visible, central cylinder cells (which are never colonized by AM fungi) 1013 

also contained a majority of red tagged nuclei. AM colonization (c) is associated with the appearance 1014 

of yellow circles (class VI, VII and VIII) in arbusculated and neighboring cortical cells. Fungal 1015 

structures are outlined in white. Scale bar = 50 µm.  1016 

15 maps of nuclear areas from uninoculated and mycorrhizal ROC segments were then used to 1017 

analyze the distribution of nuclear classes in epidermal and cortical tissues, as reported in (d). The 1018 

majority of epidermal nuclei belonged to class I, with a small percentage of class II nuclei in both 1019 

uninoculated and mycorrhizal segments. By contrast, a major change was observed in the cortex 1020 

upon AM colonization: while class I and II nuclei showed a small decrease (from 57.3% to 55.8%), 1021 

the percentage of class III, IV and V nuclei increased from 13.4% in uninoculated to 18.5% in 1022 

mycorrhizal samples, with the addition of 0.8% nuclei in the top three classes (VI, VII and VIII) that 1023 

were never recorded in uninoculated roots.  G. m. = Gigaspora margarita. 1024 

 1025 

Fig. 9. Average nuclear area in different cell types from uninoculated and sub-hyphopodial ROC 1026 

segments of wild-type, dmi2-2 and dmi3-1 M. truncatula. For a more detailed representation of 1027 

nuclear changes in wild-type mycorrhizal roots, we discriminated epidermal (E), cortical uncolonized 1028 

(C), arbusculated (A) and neighboring (N) cells. Quantitative analysis was done on a dataset of 15 z-1029 

stacks for each condition (three genotypes, two treatments) and a total of 1175 and 1505 nuclei for 1030 

wild-type (uninoculated and inoculated, respectively); 1145 and 1607 nuclei for dmi2-2; 1562 and 1031 

1175 nuclei for dmi3-1. The graph shows a significant increase in average nuclear size of 1032 

arbusculated and uncolonized neighboring cells in wild-type roots, whereas no significant change is 1033 

observed in either mutant upon AM inoculation. Different letters indicate statistically significant 1034 
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differences; T-test p value < 0.001. Error bars represent standard deviations. G. m. = Gigaspora 1035 

margarita. 1036 

 1037 

Figure S1. Frequency distribution of nuclear areas and volumes in control and mycorrhizal roots 1038 

of M. truncatula. Measures of nuclear areas (a) and volumes (b) as calculated by image analysis of 1039 

DAPI-stained root sections show that wider ranges of frequency distribution are found in 1040 

mycorrhizal (grey plots) compared to uninoculated root segments (white plots), with a statistically 1041 

significant difference (Kruskal-Wallis test, P < 0.01). In more detail, nuclear areas in mycorrhizal 1042 

sections ranged from 15 to 111 µm2, compared to 15 to 43 µm2 in uninoculated controls (a). 1043 

Similarly, nuclear volumes (b) extended between 20 and 205 µm3, compared to a range of 20 to 119 1044 

µm3 in controls. G. m. = Gigaspora margarita. 1045 

 1046 

Figure S2. Frequency distribution of nuclear volumes in uninoculated and inoculated ROCs of wild-1047 

type, dmi2-2 and dmi3-1 M. truncatula. Measures of nuclear volumes as calculated by image 1048 

analysis of DAPI-stained root sections collected 48-60 hours after hyphopodium formation show 1049 

that a wider range of frequency distributions was recorded in mycorrhizal (grey plots) compared to 1050 

uninoculated (white plots) wild-type ROCs (a): nuclear areas in mycorrhizal sections ranged from 20 1051 

to 220 µm3, compared to 20 - 119 µm3 in controls (a significant difference according to Kruskal-1052 

Wallis test, P < 0.01). By contrast, comparable frequency distributions (Kruskal-Wallis test at P > 1053 

0.05) were recorded for uninoculated (19-145 µm3) and inoculated (19-147 µm3) dmi2-2 mutant 1054 

ROCs, and the same observation was made in the dmi3-1 mutant (19-136 µm3 for controls and 19-1055 

151 µm3 for sub-hyphopodial segments). G. m. = Gigaspora margarita. 1056 

 1057 

Figure S3. Gene expression analysis of mycorrhizal markers MtBCBP and MtPUB1, and the 1058 

alternative endocycle regulator MtILP1 in ROC segments sampled 48-60 hours after hyphopodium 1059 

development. The statistically significant upregulation of two acknowledged AM markers (a,b), Blue 1060 

copper-binding protein (MtBCBP) and E3 ubiquitin ligase (MtPUB1), confirmed AM establishment in 1061 

wild-type sub-hyphopodial root segments compared to uninoculated controls. MtBCBP and MtPUB1 1062 

expression did not change in inoculated ROCs from dmi2-2 and dmi3-1 mutants compared to their 1063 

respective controls, confirming the block of intraradical fungal development and symbiosis 1064 

establishment in both mutants. The expression of Increased level of polyploidy 1 (MtILP1), a key 1065 

member of an alternative regulatory pathway for endocycle activation (c), did not change 1066 
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significantly in mycorrhizal compared to uninoculated wild-type ROCs. Conversely, MtILP1 1067 

expression increased significantly in inoculated segments from dmi2-2 and dmi3-1 mutants 1068 

compared to their uninoculated controls. Relative gene expression levels (fold change) are 1069 

normalized to the uninoculated controls. Asterisks indicate statistically significant differences; T-test 1070 

p value < 0.03. Error bars represent standard errors. G. m. = Gigaspora margarita. 1071 

 1072 

Figure S4. Correlation between nuclear classes (y-axis) and ploidy levels (x-axis). A significant 1073 

positive logarithmic correlation (R2 > 0.99) was demonstrated between the average area of each 1074 

nuclear class and ploidy levels in M. truncatula wild-type uninoculated (a) and mycorrhizal (b) ROC 1075 

segments; dmi2-2 mutant uninoculated (c) and inoculated sub-hyphopodial segments (d); dmi3-1 1076 

mutant uninoculated (e) and sub-hyphopodial (f) segments. Fisher’s test p value < 0.05. G. m. = 1077 

Gigaspora margarita. 1078 

 1079 

Figure S5. Maximum brightness projections of confocal z-stacks from DAPI-stained wild-type, 1080 

dmi2-2 and dmi3-1 ROC segments. Panels show representative images from the data set of 1081 

375x375x45µm z stacks that were used for image analysis to measure nuclear areas and volumes 1082 

and assemble composite images such as those shown in Fig. 8 and Fig. S8. Fungal hyphae (hy), 1083 

arbuscules (ar) and hyphopodia (hp) are recognizable in inoculated samples (b, d, f) by their clusters 1084 

of small nuclei and were outlined in a white dashed line. Scale bars = 50 µm. G. m. = Gigaspora 1085 

margarita. 1086 

 1087 

Figure S6. Increase in nuclear areas throughout root colonization. The figure presents a collection 1088 

of representative z-stack projections of progressive steps in wild-type M. truncatula ROC 1089 

colonization by G. margarita. Numbers indicate the area of each nucleus in µm2. Panel (a) shows a 1090 

G. margarita hyphopodium (hp) contacting the root epidermis. The hyphopodium is recognizable as 1091 

an expansion of the extraradical hypha (dashed outline) containing a cluster of small nuclei. All 1092 

epidermal nuclei (including the nucleus of the contacted epidermal cell that has moved to the 1093 

contact site - a hallmark of early prepenetration responses) belong to size class I (red, 15-30 µm2), 1094 

as defined by Sturges’ rule, while cortical cell nuclei belong to class I and class II (red, 15-45 µm2). 1095 

An Intraradical hypha (hy) growing between cortical cells is shown in (b). Several neighboring cells 1096 

display class III nuclei (orange, 45-60 µm2); in addition, couples of short cells (yellow dashed outline) 1097 

containing class II and III nuclei are found next to the intercellular hypha, suggesting the occurrence 1098 
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of ectopic cell division (Russo et al., 2019). A global view of an early infection unit spreading across 1099 

different root tissues is shown in (c): a hyphopodium (hp) is visible on the root surface from which 1100 

intraradical hyphae (hy) extend to the inner cortex, where arbuscules have not yet formed. Several 1101 

cells in the proximity of intraradical hyphae display class III, IV and V nuclei (orange, 45-90 µm2). 1102 

Two couples of short cortical cells (yellow outline) with class III nuclei are localized in the proximity 1103 

of the hyphae. A single arbuscule has developed from hyphae colonizing the inner cortex in (d). The 1104 

arbusculated cell has a class IV nucleus (orange, 60-75 µm2) as well as a few other cells in the vicinity 1105 

of the hyphae, while others contain class III nuclei (orange). More distant cells, by contrast, contain 1106 

class I and II nuclei (in red).  A couple of split cells (yellow outline) is found next to a hypha. Panel (e) 1107 

shows another infection unit where a single arbuscule is visible. Colonized, and a few of the 1108 

surrounding, cells display enlarged nuclei, with sizes reaching class V (orange, 75-90 µm2). A more 1109 

advanced infection unit is shown in (f), including several arbusculated cells with class III, IV and V 1110 

nuclei (orange). Interestingly, a couple of split cells (yellow outline) has been colonized by two 1111 

arbuscules. Panel (g) shows a mature infection unit, where all arbusculated cells have class III, IV, V 1112 

and VI nuclei (orange; yellow, 90-105). Bars = 50 µm.  1113 

 1114 

Figure S7. Maps of putative ploidy in uninoculated and inoculated ROC segments from dmi2-2 and 1115 

dmi3-1 mutants. (a) All nuclear areas manually measured in 375x375x45µm z-stack projections from 1116 

uninoculated and inoculated ROC segments were grouped by applying Sturges’ rule into 13 µm2 1117 

wide classes. 25 images were analysed for each condition, and 2800 and 3550 nuclei were measured 1118 

for dmi2-2 uninoculated and inoculated segments respectively; 3230 and 3500 nuclei for dmi3-1. 1119 

Size limits and average area (µm2) ± standard deviation are presented for each class. Seven classes 1120 

were identified in uninoculated and inoculated samples from both mutants - corresponding to 1121 

ploidy classes identified by flow cytometry - and used to assemble composite images as previously 1122 

described for the wild-type (Fig. 8). Two representative maps of uninoculated (b, d) and inoculated 1123 

(c, e) ROC segments are presented for dmi2-2 (b, c) and dmi3-1 (d, e). Comparable distributions of 1124 

nuclear classes can be observed in inoculated and uninoculated ROCs of both mutants. In more 1125 

detail, red tagged nuclei are present in epidermal, cortical and central cylinder cells; orange nuclei 1126 

concentrate in cortical cells, with a few in the central cylinder; a few yellow nuclei are occasionally 1127 

observed in the central cylinder. These observations demonstrate the lack of nuclear changes in the 1128 

absence of intraradical fungal colonization. The presence of larger nuclei in the central cylinder was 1129 
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not recorded in the wild-type and could be a feature of dmi2-2 and dmi3-1 mutant phenotype. Bars 1130 

= 50 µm. G. m. = Gigaspora margarita. 1131 

 1132 
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Fig. 1. Analysis of nuclear size in uninoculated and mycorrhizal roots of M. truncatula. Representative 
confocal images (z-stack projections) of longitudinal root sections from pot grown M. truncatula stained with 
DAPI to visualize nuclear morphology (a,b) and acid fuchsin (c,d) to highlight intraradical hyphae (hy) and 

arbuscules (ar). DAPI staining revealed an apparent increase in nuclear size (b, white arrows) for all 
colonized cortical cells from mycorrhizal roots. After the comparison with fuchsin-stained samples, 

intraradical fungal structures are easily recognizable in DAPI images by their numerous small nuclei 
(asterisks) and a diffuse background fluorescence. Scale bars = 50 m. 

Histograms in (e,f) report average nuclear areas (e) and volumes (f) as estimated through image analysis of 
2052 and 2222 DAPI-stained nuclei from 20 uninoculated and 20 mycorrhizal root segments respectively. 

Colonization of cortical cells produced a significant increase in both nuclear areas and volumes. Bars 
represent standard errors; asterisks indicate statistically significant differences based on independent 
sample median tests for data with non-normal distribution (P < 0.01). G. m. = Gigaspora margarita. 

192x140mm (300 x 300 DPI) 
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Fig. 2. Analysis of nuclear size in uninoculated and mycorrhizal M. truncatula ROCs. Representative images 
of longitudinal sections stained with DAPI (green, a, b) and SR2200 (gold, c, d) show nuclear and cell wall 
morphology in uninoculated (a, c) and mycorrhizal (b, d) segments of root organ cultures (ROCs). Large 

nuclei were found in arbusculated cells (white arrows) and some of the neighboring cortical cells (red 
arrows), compared to the smaller nuclei of distant cortical cells (white arrowheads), which were comparable 
in size to those observed in uninoculated roots (a, c). Small-sized fungal nuclei are evident in hyphae and 
arbuscules (asterisks). DAPI-SR2200 counter-staining (c, d) provided a clearer labeling of plant and fungal 
(ar) walls, confirming the increase in nuclear size (white arrows) of arbusculated versus uncolonized cortical 

cells (arrowheads). Scale bars = 50 m. 
Histograms in (e) report average areas of 3600 and 3850 DAPI-stained nuclei from 25 uninoculated and 25 

mycorrhizal root segments respectively. Histograms in (f) represent average calculated volumes of 2000 and 
2449 nuclei from the same respective samples. Both nuclear areas and volumes significantly increased in 

mycorrhizal compared to uninoculated ROCs. Bars represent standard errors; asterisks indicate statistically 
significant differences based on independent sample median tests (P < 0.01). G. m. = Gigaspora margarita. 

193x137mm (300 x 300 DPI) 
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Fig. 3. Analysis of ploidy by flow cytometry in uninoculated and mycorrhizal M. truncatula ROC segments. 
The majority of nuclei in uninoculated segments (a) consisted of 2C and 4C nuclei (98.94%), while 

endoreduplicated nuclei (8C, 16C and 32C) represented 1.06% of extracted nuclei. By contrast, a three-fold 
increase in the percentage of endoreduplicated nuclei (3.13%) and the appearance of higher ploidy classes 

(64C, 128C and 256C) was recorded in mycorrhizal (sub-hyphopodial) segments. Chi-Square analysis 
identified a significant difference between percentages of endoreduplicated nuclei (above 8C) in uninoculated 

and mycorrhizal root segments (P < 0.01). Histograms report average values from three independent 
experiments; error bars represent standard deviations. G. m. = Gigaspora margarita. 

204x88mm (300 x 300 DPI) 
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Fig. 4. Analysis of ploidy in central versus terminal zones of sub-hyphopodial M. truncatula ROC segments. 
The scheme in (a) represents a typical infection unit in 48-60 h old sub-hyphopodial segments of M. 
truncatula, with a patch of hyphae and arbuscules (ar) in the central zone, directly underneath the 

hyphopodium (hp), and very few intraradical fungal structures in either terminal end of the segment. Panels 
in (b) display corresponding confocal images from a DAPI-stained ROC segment. Larger nuclei (arrows) were 
more abundant in the central zone than in terminal ends, and characterized cells that were either colonized 

or adjacent to the intraradical fungal structures (white dashed line). Scale bars = 50 m.   
Terminal and central sections from 1 cm-long sub-hyphopodial ROC segments were excised and used for 

ploidy analysis through flow cytometry (c, d). Results demonstrated that 2.02% of nuclei in terminal 
sections were endoreduplicated (8C and higher ploidy classes), while this population increased to 3.43% in 

central sections. Chi-Square analysis identified a significant difference between percentages of 
endoreduplicated nuclei (> 8C) in terminal and central root sections (P < 0.01). Histograms report average 

values from three independent experiments; error bars represent standard deviations. 

200x193mm (300 x 300 DPI) 
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Fig. 5. Average nuclear areas and volumes in uninoculated and inoculated dmi2-2 and dmi3-1 ROCs. 
Histograms report average areas (a, b) and volumes (c, d) of DAPI-stained nuclei in uninoculated and 
inoculated ROC segments from dmi2-2 (a, c) and dmi3-1 (b, d) M. truncatula mutants. No statistically 
significant difference was observed in inoculated segments of either mutant line (independent sample 

median tests; P > 0.05). Bars represent standard errors. G. m. = Gigaspora margarita. 

113x135mm (300 x 300 DPI) 

Page 43 of 47

Manuscript submitted to New Phytologist for review



For Peer Review

 

Fig. 6. Analysis of ploidy in uninoculated and inoculated segments of dmi2-2 and dmi3-1 M. truncatula 
ROCs. Around 99% of nuclei in both uninoculated (a) and inoculated (sub-hyphopodial) dmi2-2 ROC 
segments (b) displayed 2C and 4C ploidy levels, with a comparably small percentage (around 1%) of 

endoreduplicated nuclei (8C to 128C). The same scenario was observed in dmi3-1 mutants (c, d). Chi-
Square analysis confirmed no significant differences between percentages of endoreduplicated nuclei (> 8C) 
in uninoculated and inoculated roots of mutant lines (P > 0.05). Histograms report average values from two 

independent experiments; error bars represent standard deviations. G. m. = Gigaspora margarita. 

204x164mm (300 x 300 DPI) 
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Fig. 7. Regulation of endoreduplication markers and S-phase related genes in wild-type, dmi2-2 and dmi3-1 
mutant ROCS at 48-60 hours after hyphopodium development. 

The scheme in (a), modified from Kalve et al. (2014), represents the regulatory machinery of the G2-M 
switch, controlling endocycle activation. Low levels of G2-M cyclins CYCA2 and CYCB1, and the consequent 

triggering of endoreduplication, are obtained through both transcriptional repression and proteolysis. CYCA2 
expression is inhibited by ILP1 (Increased level of polyploidy 1), while CYCB1 is repressed by MYB3R 

transcription factors. Proteolytic degradation of both cyclins is activated by APC/C (Anaphase Promoting 
Complex/Cyclosome), an E3 ubiquitin ligase, following its activation by the CCS52A (Cell Cycle Switch 52A) 

transcription factor. Endocycle inhibition (or entry into the M phase) is mediated by other transcription 
factors such as UVI4 (ULTRAVIOLET-B-INSENSITIVE 4) and DEL1 (DP-E2F-like transcription factor E2Fe-
DEL1) that inhibit APC/C. By contrast, endocycle is promoted by down-regulation of E2F-DEL1 and UVI4, 

induced by DELLA proteins (Claey et al., 2012). Endocycle-associated rounds of DNA replication require the 
expression of histones (H4, H3, H2A and H2B) and DNA topoisomerase VI (TOPO-VI). Question marks 

indicate partially unexplored regulatory pathways. Genes of interest for this research are highlighted in red 
and their expression levels in sub-hyphopodial compared to uninoculated ROC segments are reported in 

panel (b). In detail, transcript levels were compared in uninoculated (white histograms) and inoculated (sub-
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hyphopodial) root segments (grey histograms) on wild-type, dmi2-2 and dmi3-1 ROCs. APC/C subunit 2 and 
CCS52A transcripts were significantly upregulated in inoculated wild-type compared to controls, while no 

significant differences were observed in dmi2-2 and dmi3-1 mutants, where fungal penetration is arrested at 
hyphopodium development. A comparable regulation was observed in wild-type for A (TOPO-VI A) and B 

(TOPO-VI B) subunits of DNA Topoisomerase VI. By contrast, a differential regulation was recorded in 
mutants: TOPO-VI A was significantly down-regulated in dmi2-2 and upregulated in dmi3-1 inoculated roots, 

while no change was observed in Topo-VI B expression. Hist-H4 expression was significantly upregulated 
only in inoculated wild-type, while the transcript level of E2F-DEL1 remained unchanged in all samples. Fold 
changes (relative expression levels) are normalized to the corresponding controls. Histograms represent the 

mean of four biological replicates. Error bars indicate standard errors. Asterisks indicate statistically 
significant differences; T-test p value < 0.03. G. m. = Gigaspora margarita. 

201x228mm (300 x 300 DPI) 
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Fig. 8. Maps of putative ploidy in uninoculated and mycorrhizal M. truncatula ROCs. (a) All nuclear areas 
manually measured in 375x375x45µm z-stack projections from M. truncatula uninoculated (25 images, 3600 

nuclei) and mycorrhizal (25 images, 3850 nuclei) ROC segments were clustered according to Sturges’ rule 
into 15 µm2 wide classes. Five and eight classes were identified in uninoculated and mycorrhizal sections, 

respectively, corresponding to ploidy classes identified by flow cytometry. Size limits and average area 
(µm2) ± standard deviation are presented for each class. 

Nuclear classes were used to assemble the composite images such as those shown in (b, c): nuclear sizes 
were mapped using tags of the same color as the class background in table (a). In uninoculated roots (b), 

red tagged nuclei are mainly localized in the epidermis, while cortical cells contain both red and orange 
nuclei. When visible, central cylinder cells (which are never colonized by AM fungi) also contained a majority 

of red tagged nuclei. AM colonization (c) is associated with the appearance of yellow circles (class VI, VII 
and VIII) in arbusculated and neighboring cortical cells. Fungal structures are outlined in white. Scale bar = 

50 µm. 
15 maps of nuclear areas from uninoculated and mycorrhizal ROC segments were then used to analyze the 

distribution of nuclear classes in epidermal and cortical tissues, as reported in (d). The majority of epidermal 
nuclei belonged to class I, with a small percentage of class II nuclei in both uninoculated and mycorrhizal 

segments. By contrast, a major change was observed in the cortex upon AM colonization: while class I and 
II nuclei showed a small decrease (from 57.3% to 55.8%), the percentage of class III, IV and V nuclei 
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increased from 13.4% in uninoculated to 18.5% in mycorrhizal samples, with the addition of 0.8% nuclei in 
the top three classes (VI, VII and VIII) that were never recorded in uninoculated roots.  G. m. = Gigaspora 

margarita. 

200x217mm (300 x 300 DPI) 
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Fig. 9. Average nuclear area in different cell types from uninoculated and sub-hyphopodial ROC segments of 
wild-type, dmi2-2 and dmi3-1 M. truncatula. For a more detailed representation of nuclear changes in wild-

type mycorrhizal roots, we discriminated epidermal (E), cortical uncolonized (C), arbusculated (A) and 
neighboring (N) cells. Quantitative analysis was done on a dataset of 15 z-stacks for each condition (three 

genotypes, two treatments) and a total of 1175 and 1505 nuclei for wild-type (uninoculated and inoculated, 
respectively); 1145 and 1607 nuclei for dmi2-2; 1562 and 1175 nuclei for dmi3-1. The graph shows a 

significant increase in average nuclear size of arbusculated and uncolonized neighboring cells in wild-type 
roots, whereas no significant change is observed in either mutant upon AM inoculation. Different letters 

indicate statistically significant differences; T-test p value < 0.001. Error bars represent standard deviations. 
G. m. = Gigaspora margarita. 

195x94mm (300 x 300 DPI) 
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