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Abstract 22 

Monilinia spp. may infect stone fruit at any growth stage, although susceptibility to 23 

brown rot depends on both host properties and climatological conditions. This said, no 24 

studies deciphering the host response in the interaction between peach blossoms and 25 

Monilinia spp. are yet available. This study presents an in-depth characterization of the 26 

role of ethylene in the interaction of ‘Merrill O’Henry’ peach petals (Prunus persica (L.) 27 

Batch) with Monilinia laxa and M. fructicola. We investigated the physiological 28 

responses of the host and the fungi to the application of ethylene and 1-29 

methylcyclopropene (1-MCP) as well as the molecular patterns associated with the 30 

biosynthetic and ethylene-dependent responses during the interaction of both Monilinia 31 

species with the host. The incidence of both species was differentially affected by 1-32 

MCP and ethylene; M. laxa was favoured by the enhanced host ethylene production 33 

associated with the treatments whereas M. fructicola reduced its infection capacity. Such 34 

differences were host-dependent as treatments did not affect growth or colony 35 

morphology of Monilinia spp. Besides, host ethylene production was altered in M. laxa 36 

inoculated petals, either by the fungus or the host itself. Molecular analysis revealed 37 

some important ERFs that could be involved in the different ability of both species to 38 

activate a cascade response of peach petals against these pathogens. 39 
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1. Introduction 45 

Monilinia spp. causing brown rot in stone fruit is responsible of important economic losses 46 

both in the field and during the postharvest supply chain. The infection incidence can 47 

largely vary among years mainly due to diverse climatic conditions [1,2]. In Spain, the main 48 

causal agents of brown rot are, since 2006, M. laxa, M. fructicola, and M. fructigena, 49 

although the latter is more common in pome than in stone fruit [3]. To a lesser extent, M. 50 

polystroma has also been reported in some countries [4], also mainly affecting pome fruit. 51 

The onset of brown rot infections in the field is occasionally due to the presence of 52 

primary inoculum in the orchard, being mummied fruit the main source of 53 

overwintering fungi persistence [5]. However, other infected tissues rather than fruit, 54 

including blossoms, branches, spurs, twigs and fruit peduncles, can entail a source of 55 

Monilinia spp. infection [6]. Infected blossoms can lead to tree damage together with a 56 

reduction on the number of viable fruit and thereby a decrease on fruit production. In 57 

fact, Monilinia spp. infections can occur throughout all fruit development, although the 58 

degree of susceptibility to infection can largely vary among the different phenological 59 

stages [7,8].  60 

 61 

All plant tissues share, to some extent, response mechanisms triggered by the 62 

interaction with pathogens such as Monilinia. Such responses are in many cases mediated 63 

by a complex and coordinated crosstalk among different hormones. Both ethylene and 64 

jasmonate, apart from being involved in response to numerous biotic stresses (drought, salt 65 

and heat tolerance; reviewed in [13]), also modulate the response against necrotrophic 66 

pathogens [14]. Ethylene, for instance, is perceived within the plant tissues through 67 

endoplasmic reticulum receptors and biosynthesized through methionine by 1-68 

aminocyclopropane-1-carboxylic acid (ACC) synthase (ACS) and ACC oxidase (ACO), 69 



being both gene families comprised of different isogenes [15]. The role of ethylene in 70 

determining the disease onset has been studied in multiple pathosystems [16,17]. However, 71 

controversy still exists on how this hormone could promote or avoid the pathogen spread.  72 

Ethylene signalling, together with other hormones such as jasmonic acid, leads to the 73 

activation of the plant immune responses, through the modulation of the plant 74 

transcriptome, and specifically, the regulation of the Ethylene Response Factors (ERF) 75 

[18]. ERFs, one of the major groups of plant transcription factors [19], display GCC box–76 

specific binding activity. The interaction of ERF proteins to their target sequences, 77 

including the GCC-box containing genes, lead to the induction of responsive genes, such as 78 

pathogenesis-related (PR) genes [20,21]. There are five different ERFs characterized in 79 

peach, which include PpERF1a, PpERF1b, PpERF2a, PpERF2b and PpERF2c [22], 80 

located in two evolutionary divergent groups. Both ERF member groups are 81 

homologous to other host proteins involved in enhancing resistance to pathogens 82 

[23,24]. Indeed, evidences suggest that ethylene and jasmonate can differentially 83 

modulate ERFs in plants, such Arabidopsis thaliana [25] but also in peach [22]. To date, 84 

no studies are available investigating the role of ethylene on the peach-Monilinia 85 

pathosystem during the flowering stage. Taking into account that infected blossoms can 86 

imply a potential source for future fruit infections, a better understanding on how 87 

Monilinia spp. can infect peach blossoms and the subsequent response of the host, could 88 

represent a crucial step to prevent fruit infection. Hence, the aim of this study was to 89 

investigate for the first time i) the role of ethylene and the peach petal transcription 90 

reprograming upon the interaction with the necrotrophic pathogen Monilinia spp. and ii) 91 

the ethylene-dependent ability of both M. laxa and M. fructicola to infect peach petals. 92 

 93 



2. Material and methods 94 

2.1. Plant material  95 

Experiments were conducted with ‘Merrill O’Henry’ peach blossom petals (Prunus 96 

persica (L.) Batch) obtained from an organic orchard located in Vilanova de Segrià (Lleida, 97 

Catalonia, NE Spain), during the flowering seasons (March) of 2019 and 2020. Branches 98 

containing multiple inflorescences, free of physical injuries and rot were picked at full 99 

bloom when at least 50 % of flowers were opened. After harvest, peach blossoms were 100 

immediately transported to IRTA facilities under acclimatised conditions (20 °C). The total 101 

number of samples, including petals and replicates used for each measurement is depicted 102 

in Supplementary Table S1.  103 

2.2. Pathogen and inoculum preparation 104 

Two single-spore species of Monilinia spp. were used in this study: M. fructicola (CPMC6) 105 

and M. laxa (ML8L). The strains CPMC6 and ML8L are deposited in the Spanish Culture 106 

Type Collection (CECT 21105 and CECT 21100, respectively). Fungal cultures were 107 

grown on Petri dishes containing Potato Dextrose Agar (PDA; Biokar Diagnostics, 39 g 108 

L-1) supplemented with 25 % tomato pulp and incubated under 12-h photoperiod at 25 °C / 109 

18 °C for 7 days. Conidial suspensions of the different fungal cultures were obtained by 110 

rubbing the surface of 7-day-old cultures with sterile water containing 0.01 % Tween-80 111 

(w/v) and using a sterile glass rod. The inoculum was filtered through two layers of sterile 112 

cheesecloth to minimize the presence of mycelial fragments. Then, conidia were counted in 113 

a haemocytometer and diluted to the desired concentration. 114 

2.3. Ethylene and 1-MCP treatments 115 

Branches containing multiple inflorescences were placed in an airtight plastic chamber 116 

(65 L). For 1-Methylcyclopropene (1-MCP) treatment, 5 µL L-1 of 1-MCP (or 0.6 µL L-117 



1 when indicated) was applied using the product SmartfreshTM (Agrofresh Inc.) and 118 

following the company recommendations. In the case of ethylene treatment, ethylene 119 

gas was injected into the chamber to a final concentration of 10 µL L-1 (or 1 µL L-1 120 

when indicated). A control was performed by injecting similar volumes of air. Both 121 

treatments and control samples were incubated during 20 h at 3 ºC. For Monilinia in 122 

vitro treatments, PDA plates were inoculated by applying a drop of 10 µL of the 123 

conidial suspension of both M. laxa and M. fructicola at 1·105 conidia mL-1. Plates were 124 

incubated in the dark at 25 ºC for 24 h. After this time, 1-MCP and ethylene treatments 125 

were applied as explained above for 20 h at 20 ºC and then plates were incubated again 126 

in the dark at 25 ºC. Colony growth (diameter) was recorded daily, while a visual 127 

inspection of colony features was conducted along time. A total of 9 plates were used 128 

for each fungus and treatment condition. 129 

2.4. Determination of ethylene production and respiration rate 130 

Ethylene production (pmol Kg-1 s-1) was measured at different times post-inoculation or 131 

times post-treatment (depending on the assay) after enclosing 10 individual petals on 14 132 

mL glass vials for 2 h at 20 ºC. Measurements were determined on 4 replicates of 10 133 

petals each. One mL gas samples was collected using a syringe and injected into a gas 134 

chromatograph (Agilent Technologies 6890, Wilmington, Germany) fitted with a FID 135 

detector and an alumina column 80/100 (2 m x 3 mm, Tecknokroma, Barcelona, Spain) 136 

as previously described [26]. Fruit respiration (nmol Kg-1 s-1) was determined from the 137 

same flasks used for ethylene measurements. After 2 h incubation at 20 °C, the 138 

headspace gas composition was quantified using a handheld gas analyser (CheckPoint 139 

O2/CO2, PBI Dansensor, Ringsted, Denmark). 140 

2.5. Petal inoculation and experimental design 141 



After ethylene and 1-MCP treatments, ‘Merrill O’Henry’ petals were detached from the 142 

branches, pooled and distributed onto plastic holders in simple, lidded, storage boxes 143 

containing water at the bottom (not in contact with the sample). They were separated into 144 

different batches depending on whether they were used for: i) assessment of brown rot 145 

susceptibility and senescence, ii) determination of ethylene production and respiration rate, 146 

and iii) gene expression analysis. Inoculation was performed by applying one droplet (5 μL) 147 

of conidial suspension (5·104 conidia mL-1) onto the top part of the host surface. A mock-148 

inoculated control (CK) was also performed by applying one droplet (5 μL) of sterile water 149 

with 0.01 % Tween-80 (w/v). All peach petals were incubated in a chamber at 20 °C and 85 150 

% RH. Brown rot incidence was assessed on 4 replicates of 10 petals each. Likewise, 151 

ethylene and respiration rate was determined on 4 replicates of 10 petals each, while 3 152 

replicates of 20 petals each were used for gene expression analysis.  153 

2.5.1. Assessment of brown rot susceptibility 154 

Infection capacity was assessed by determining the percentage of infected petals (with 155 

necrotic spots) for each fungus at different times post-inoculation. A total of 4 replicates per 156 

each fungus were performed, using 10 petals for each replicate. 157 

2.6. Gene expression analysis 158 

RNA was extracted from both control and inoculated petals with M. laxa and M. 159 

fructicola species using the RNeasy kit (Qiagen, Hilden, Germany) following 160 

manufacturer’s recommendations. Both RNA quantity and quality was determined 161 

spectrophotometrically using a Nanodrop 2000 spectrophotometer (Thermo Scientific, 162 

DE, USA). Extracted RNA was treated with Turbo DNA-free DNase (Ambion, TX, 163 

USA) to remove contaminant DNA, following the manufacturer’s recommendation. 164 

Both the absence of contaminant genomic DNA and the RNA integrity was assessed 165 



after electrophoresis on an agarose gel. Total RNA was extracted from 3 biological 166 

replicates for each treatment and time condition.  167 

First-strand cDNA synthesis was performed on 1 μg of DNase-treated RNA using the 168 

SuperScript IV First-Strand Synthesis System (Invitrogen, Carlsbad, CA, USA). qPCR 169 

was performed on a 7500 Real Time PCR System (Applied Biosystems, Foster City, 170 

CA). The reaction mix consisted of KAPA SYBR® Fast qPCR Master Mix (Kapa 171 

Biosystems, Inc., Wilmington, USA), 100 nM of each primer and the amount of diluted 172 

cDNA, according to standard curves. The ACS and ACO gene members, PpACS1, 173 

PpACS2, PpACO1, PpACO2 and PpACO3 were analyzed based on their expression 174 

profiles in blossom tissues [27], while PpERF family members, PpERF1a, PpERF1b, 175 

PpERF2a, PpERF2b and PpERF2c were selected according to previous results on 176 

different susceptible peach cultivars [22]. The oligonucleotide primers used for qPCR 177 

analysis (Supplementary Table S2) were adopted from the literature [22,27]. Annealing 178 

temperature conditions for all primers were optimized in a range of 58-62 ºC in a Verity 179 

Thermal Cycler 96-wells Fast (Applied Biosystems, Foster City, CA). Non-180 

amplification of cDNA derived from M. laxa and M. fructicola was also verified for all 181 

primers. Primer efficiency was determined using 5-fold serial dilutions from a mix of all 182 

cDNA samples (Supplementary Table S2). Thermal conditions applied for qPCR 183 

analysis were as follows: i) initial denaturation at 95 ºC for 10 min, ii) 40 cycles of 184 

denaturation at 95 ºC for 15 s, and iii) annealing/extension at 60 ºC for 1 min. To 185 

determine the melting curve, a final amplification cycle at 95 ºC for 15 s, 60 ºC for 1 186 

min, 95 ºC for 30 s and 60 ºC for 15 s was applied. In all cases, a non-template control 187 

(NTC) was included using DNAse free water instead of cDNA. Genes encoding for 188 

translation elongation factor 2 (TEF2) and RNA polymerase II (RPII) were used as 189 

independent reference genes in all the experiments due to its high statistical reliability 190 



[28]. Relative quantification of target genes normalized to the geometrical mean of 191 

reference gens was determined by the standard Cq method [29]. Three technical 192 

replicates were analysed for each biological replicate for both the target and the 193 

reference gene. 194 

2.7. Statistical analysis 195 

Data were subjected to analysis of variance (ANOVA) using JMP® software version 13.1.0 196 

(SAS Institute Inc., Cary, NC, USA). When the analysis was statistically significant, the 197 

Tukey’s HSD test at the level p ≤ 0.05 was performed for comparison of means. 198 

Comparisons of brown rot incidence (M. laxa vs. M. fructicola) were performed using the 199 

Student’s T-test (p ≤ 0.05). Comparisons between treatments and inoculums along time, 200 

were determined by using the least significance difference value (LSD; p = 0.05), using 201 

critical values of t for two-tailed tests. Growth rate was determined as the slope of a linear 202 

polynomial regression obtained by plotting growth diameter (cm) vs. time (days). 203 

 204 

3. Results 205 

3.1.  Effect of 1-MCP and ethylene treatment on Monilinia spp. incidence  206 

To unravel how ethylene could be involved in the onset of brown rot, peach blossoms were 207 

pre-treated with high doses of 1-MCP (5 µL L-1) and ethylene (10 µL L-1), before petal 208 

inoculation. At 72 h post-inoculation (hpi) brown rot incidence in control petals (CK) was 209 

much higher (3.6-fold) in M. fructicola- than in M. laxa-inoculated samples (Fig. 1A). 210 

However, when treatments were applied, a different tendency was observed for both 211 

species. In M. laxa-inoculated petals brown rot incidence was significantly higher (1.6-fold 212 

and 2.2-fold, respectively) when blossom petals were submitted to both 1-MCP and 213 



ethylene treatment if compared to the control (air treatment). A completely different pattern 214 

was observed for M. fructicola, since a decrease of 1.3-fold and 1.6-fold in brown rot 215 

incidence occurred in both 1-MCP and ethylene treatments respectively, if compared to 216 

non-treated condition (Fig. 1A). Although no differences were observed regarding the 217 

incidence of both species when exogenous ethylene was applied, brown rot caused by M. 218 

fructicola was still significantly higher (1.8-fold) than that observed for M. laxa in 1-MCP 219 

treated petals (Fig. 1A). Brown rot of both M. fructicola and M. laxa inoculated petals 220 

consisted of necrotic lesions around the inoculation point (Fig. 1B). Visual inspection of 221 

Monilinia infection patterns at 72 hpi led us to confirm that M. fructicola species presented 222 

a higher severity than M. laxa in the control condition when infecting ‘Merrill O’Henry’ 223 

peach petals. However, M. laxa aggressiveness was clearly enhanced in petals treated with 224 

both 1-MCP and ethylene if compared to the control (Fig. 1B). In any case, sporulation of 225 

neither M. laxa nor M. fructicola was observed on peach petals.  226 

3.2.  Effect of 1-MCP and ethylene treatment on petal ethylene production and 227 

senescence 228 

The effect of both 1-MCP and exogenous ethylene on ethylene production of detached 229 

peach petals was assessed by applying two different doses of 1-MCP (0.6 and 5 µL L-1) and 230 

ethylene (1 and 10 µL L-1), using air as a control (CK). Significant differences in the 231 

hormone production were recorded among times but also when comparing the different 232 

treatments (Fig 2A). At 5 h post-treatment (hpt), ethylene levels peaked in both control and 233 

1-MCP treated petals, while this peak in 10 µL L-1 ethylene treated petals remained 234 

significantly lower (2-fold) if compared to control. At 16 hpt and up to 24 hpt, ethylene 235 

production started to decrease with respect to 5 hpt. At these time points, only 1-MCP 236 

treated petals (0.6 µL L-1) sustained its production, being significantly higher than control 237 

and ethylene treated petals (1.31- and 2.8-fold, respectively). However, the profile changed 238 



at 48 hpt and particularly, at 72 hpt when blossoms treated with high doses of 1-MCP (5 µL 239 

L-1) and submitted to both ethylene treatments (1 and 10 µL L-1), experienced a significant 240 

increase in their ethylene production levels (2.5-fold, 2.4-fold and 2-fold, respectively) if 241 

compared to control (Fig. 2A). For all treatments, respiration rate was greatest at 0 hpi and 242 

constantly decreased thereafter (Fig. 2B). Despite some minor yet significant differences 243 

were found between treatments at different time points, the respiratory patterns were very 244 

similar among treatments. The induction of ethylene levels upon 1-MCP and ethylene 245 

applications did not seem to be associated to a senescence process, since no apparent 246 

morphological changes typically associated to senescence [30], such as colour bleaching or 247 

petal rolling and wilting, were visualized in the control and/or the different treatments (Fig. 248 

2C).  249 

 250 

3.3.  In vitro treatment of Monilinia species with exogenous ethylene and 1-MCP 251 

To evaluate the performance of Monilinia upon the 1-MCP and ethylene treatments and to 252 

complement the results observed in vivo, the same treatments applied to the branches 253 

containing multiple inflorescences were also conducted to in vitro M. laxa and M. fructicola 254 

cultures. Results demonstrated that both doses of 1-MCP (5 and 0.6 µL L-1) and ethylene (1 255 

and 10 µL L-1) had no effect on M. laxa growth rate (Fig. 3A) or on phenotypical features 256 

(Fig. 3B). Only at 0 hpt, significant changes were obtained among treatments, although 257 

such differences completely subsided through time. The same lack of treatment effect was 258 

also observed on M. fructicola cultures, although M. fructicola grew more rapidly (1.53 cm 259 

day-1) than M. laxa (1.04 cm day-1) species (Fig. 3C). Again, although some significant 260 

differences seemed to appear at 24 hpt and 48 hpt among treatments, no differences on the 261 

final growth of M. fructicola were detected. Moreover, as observed for M. laxa, the colony 262 

phenotype was identical for all tested conditions (Fig. 3D), both at 24 hpt and at the end of 263 



the assay (6 dpt). Hence, such treatments had no effect on either M. laxa or M. fructicola, as 264 

no differences on growth and colony features including colour, morphology and sporulation 265 

were observed. 266 

  267 

3.4.  Effect on peach petal ethylene biosynthetic pathway and host response upon 268 

Monilinia spp. inoculation 269 

Taking into account that changes in the host (petal) ethylene profile in response to 1-MCP 270 

or ethylene differently affected the incidence of both Monilinia species, a deeper analysis to 271 

decipher ethylene mediated responses in ‘Merrill O’Henry’ peach petals when inoculated 272 

with both M. laxa and M. fructicola was performed.  273 

Regarding ethylene biosynthetic genes, two PpACS and three PpACO were analysed (Fig. 274 

4). In general, results demonstrated a completely different pattern among the control and 275 

both Monilinia infected petals. As refers to PpACS1 (Fig. 4 and Fig. S1A), expression 276 

levels seemed to increase along the time course of the experiment, specially, for both M. 277 

laxa and M. fructicola inoculated petals, in which a significant and important up-regulation 278 

of this transcript levels occurred at 72 hpi in comparison to 0 hpi (5.1-fold and 9.4-fold, 279 

respectively). When comparing the expression profile between conditions in each time 280 

point, M. laxa showed no significant changes if compared to control, although a tendency to 281 

up-regulation of PpACS1 levels (5.9-fold) occurred at 72 hpi. In contrast, M. fructicola 282 

induced an early and significant up-regulation at 5 hpi (3.7-fold), which was even enhanced 283 

at 72 hpi (10.8-fold). PpACS2 transcript levels (Fig. 4 and Fig. S1A) were also up-regulated 284 

along the time in all tested conditions, showing a similar pattern to that observed for 285 

PpACS1 yet with higher gene expression. M. laxa significantly induced PpACS2 transcripts 286 

levels at 24 hpi (4.4-fold) and an important up-regulation took place at 72 hpi (6.8-fold if 287 

compared to control), while response to M. fructicola occurred earlier. 288 



PpACO family members recorded a completely different profile than PpACS (Fig. 4 and 289 

Fig. S1B). Regarding PpACO1, and even if it was the most expressed among the other 290 

family members, expression levels merely changed over time, and only a significant up-291 

regulation with respect to 0 hpi occurred at 24 hpi (1.5-fold) and 72 hpi (1.3-fold) for M. 292 

laxa and M. fructicola, respectively. The comparison of the expression pattern among the 293 

three tested conditions revealed that only M. laxa triggered a significant up-regulation (1.4-294 

fold) of PpACO1 at 24 hpi. On the other hand, even though PpACO2 reported no 295 

significant differences between control and Monilinia inoculated petals at any time point 296 

analysed, it was significantly up-regulated over time in the three tested conditions. 297 

Accordingly, an increase of 7.8-, 8- and 9.3-fold occurred at 72 hpi in control, M. laxa and 298 

M. fructicola inoculated petals, respectively, if compared to 0 hpi. Contrary to that observed 299 

for the other paralogs, expression levels of PpACO3 remained lower than that of PpACO2 300 

(for instance, 35.5-fold less expressed in the control condition at 0 hpi) and showed no 301 

differences on its expression levels between conditions at any time point. Besides, transcript 302 

levels were mainly stable over time, observing only a significant reduction at 24 hpi (1.4-303 

fold) and 72 hpi (1.5-fold) with respect to 5 hpi in M. fructicola inoculated petals. 304 

Changes on PpACS and PpACO gene families could ultimately lead to distinct hormone 305 

production levels. In fact, different ethylene profiles were found depending on the 306 

inoculated species (Fig. 4). Control petals displayed an increase of ethylene levels at 5 hpi, 307 

likely associated to a stress-induced ethylene peak, which decrease thereafter and remain 308 

low and stable during all the time course of the experiment. On the other hand, in M. laxa 309 

inoculated petals, the ethylene production remained quite constant over time up to 16 hpi 310 

but increased later, observing 7-fold significantly higher levels at 72 hpi if compared to 311 

control. Contrary to what observed for M. laxa, M. fructicola induced a transient ethylene 312 

stress peak at 5 hpi, as also observed in the control, but thereafter, ethylene levels decreased 313 



and remained low until 48 hpi to later (72 hpi) increase again (15-fold higher if compared to 314 

the control). Thus, while both control and M. fructicola inoculated petals enhanced its 315 

production at 5 hpi, M. laxa inoculated petals exhibited a completely different profile at this 316 

time point, with a strong inhibition (41.3-fold if compared to control) of the ethylene 317 

production levels.  318 

Such ethylene levels could ultimately lead to different ethylene-dependent responses which 319 

are mediated by ERFs. Concerning such transcription factors, we examined changes in the 320 

transcript profile of the two evolutionary divergent groups (Fig. 4). PpERF1a exhibited a 321 

similar profile with no significant differences among all the analysed conditions (Fig. 4 and 322 

Fig. S2A). Only at 72 hpi, a repression (1.7-fold) induced by M. fructicola took place if 323 

compared to 24 hpi, although no differences were reported among the different tested 324 

conditions at any time point. As regards to PpERF1b, some differences on its expression 325 

profile were obtained along the time course of the experiment (Fig. 4 and Fig. S2A). Hence, 326 

the three conditions recorded significant changes at any time if compared to 0 hpi. At 24 327 

hpi, both M. laxa and M. fructicola triggered a 2.2-fold and a 2.3-fold up-regulation of these 328 

transcripts levels, respectively, if compared to control. Notwithstanding, only M. fructicola 329 

was able to hold this induction until 72 hpi. On the other hand, PpERF2a in control petals 330 

remained stable at 5 hpi, but experienced an up-regulation (1.3-fold) at 24 hpi followed by a 331 

significant down-regulation (1.9-fold) at 72 hpi (Fig. 4 and Fig. S2B). Similarly, petals 332 

inoculated with M. laxa also showed a 1.9-fold down-regulation of PpERF2a levels from 333 

24 to 72 hpi, contrary to M. fructicola inoculated petals, for which PpERF2a was stable 334 

among all the analysed times. When comparing the different conditions in each time point, 335 

a significant reduction (1.6-fold) in its expression levels if compared to control occurred at 336 

24 hpi when peach petals were inoculated with M. fructicola. Such tendency changed 337 

abruptly at 72 hpi when PpERF2a levels were significantly higher (1.7-fold) in M. 338 



fructicola-inoculated petals in comparison to the control (Fig. 4 and Fig. S2B). PpERF2b 339 

did not show significant changes neither along the time nor among the different tested 340 

conditions at both 5 hpi and 72 hpi. However, a significant up-regulation of this transcript 341 

(1.1-fold) took place at 24 hpi in M. laxa inoculated tissue, while a repression of 1.2-fold 342 

and 1.4-fold was promoted by M. fructicola if compared to the control and M. laxa 343 

inoculated petals, respectively. Finally, although no differences on PpERF2c expression 344 

profile were detected at any time point among the three tested conditions, an over-345 

expression of the transcript occurred through time. A 6.1-fold induction of its expression 346 

levels from 0 hpi to 24 hpi took place in the control condition and, to a lesser extent, in M. 347 

laxa (4.4-fold) and M. fructicola (3.6-fold) inoculated petals. However, while control petals 348 

clearly down-regulated PpERF2c levels at 72 hpi with respect to 24 hpi (2.3-fold), petals 349 

inoculated with both M. laxa and M. fructicola showed a sustained induction (Fig. 4 and 350 

Fig. S2B). 351 

Differences on ERFs transcription factor expression give rise to different ethylene 352 

responsive genes that ultimately can impair host ability to cope with the presence of 353 

pathogens. In this way, different susceptibility patterns to both Monilinia species were 354 

observed in infected peach petals (Fig. 4). Although no differences were recorded at 24 hpi 355 

between both fungi, significant differences in brown rot incidence were obtained after 72 356 

hpi in M. laxa (33 %) and M. fructicola (57.8 %) inoculated peach petals. Besides, the 357 

incubation period of M. fructicola was shorter than for M. laxa, as M. fructicola infection 358 

symptoms were visible before 24 hpi, opposite to M. laxa, which symptoms were detected 359 

only at 48 hpi and thereafter. 360 

4. Discussion 361 

Both ethylene biosynthetic pathway and ethylene response factors are known to be involved 362 

in the response of plants and fruit to abiotic and biotic stress conditions [31]. In this study, 363 



we performed an in-depth analysis to determine the role of ethylene in the interaction peach 364 

petals – Monilinia spp. For the first time, we characterized the ethylene effects on both host 365 

and pathogen, as well as the peach petal responses, both at the physiological and molecular 366 

level, including ethylene biosynthesis and ethylene-mediated responses upon M. fructicola 367 

and M. laxa interaction.  368 

1-MCP is a synthetic cyclic olefin capable of inhibiting ethylene perception and has been 369 

widely used to control fruit ripening and senescence and hence, prolonging fruit shelf life 370 

and lengthening the life of cut flowers [32]. Seglie et al. [33] already demonstrated the 371 

benefits of 1-MCP on inhibiting the detrimental effects of Botrytis cinerea on petals of cut 372 

flowers. In this work, significant differences were found between the response of two 373 

fungal species to 1-MCP or ethylene treatment. Hence, while M. fructicola infection 374 

capacity was reduced in response to these treatments, M. laxa took advantage of it and 375 

showed enhanced infection capacity. 376 

1-MCP applied to branches containing multiple inflorescences did not inhibit the ethylene 377 

production of subsequently detached petals but rather increase it, especially when high 378 

doses of 1–MCP were applied. A similar effect was described in grapefruit [34] and flowers 379 

[35] where 1-MCP application significantly enhanced ethylene production. Such induction 380 

could be explained by the fact that 1-MCP shuts down the system of feedback regulation of 381 

ethylene biosynthesis pathway by binding to physiological ethylene receptors [36], 382 

inhibiting the ethylene binding protein [37] and hence disabling the host to perceived any 383 

ethylene quantities already synthetized. Moreover, exogenous ethylene treatment also 384 

enhanced ethylene production, in agreement with previous results in both climacteric 385 

and non-climacteric systems [35,38], probably through the induction of ACS expression 386 

[39] and/or ethylene receptors [40].  387 



Results presented herein demonstrate that M. fructicola infection capacity was reduced in 388 

response to treatments accompanying the increase in ethylene host production, while M. 389 

laxa took advantage of it and showed an enhanced infection capacity. Hence, results point 390 

out a differential role of ethylene on the pathogen infection strategy and a different ability of 391 

both species to overcome the induction of ethylene-dependent responses displayed by the 392 

host [41]. A previous study determined that continuous application of ethylene on M. 393 

fructicola inoculated stone fruit do not exhibit any changes neither on brown rot incidence 394 

nor severity [42]. However, the discrepancy with the study presented herein could be 395 

related to the fact that such measurements were performed on fruit and during cold storage 396 

conditions. To further investigate the role of both 1-MCP and ethylene, not on the host itself 397 

but on Monilinia spp. performance, M. laxa and M. fructicola cultures were also submitted 398 

to these treatments. Results revealed that phenotype of both fungi, including its growth and 399 

colony morphology, were not affected by the treatments. Overall, our data indicates that 400 

differences on brown rot incidence in treated petals were not due to the treatment effects on 401 

growth and phenotype of the fungi, but uniquely dependent on the response of the host to 402 

the treatment itself.  403 

In this sense, an in-depth analysis of the host responses when inoculated with the two 404 

Monilinia species was carried out. In such analysis, the different steps of the host ethylene 405 

biosynthetic pathway at the molecular level, including ethylene production and the 406 

subsequent ethylene-dependent response triggered by the host to brown rot were 407 

considered. Incidence of brown rot in peach petals caused by M. fructicola was significantly 408 

higher if compared to M. laxa at 72 hpi as previously described by Bernat et al. [2] in stone 409 

fruit. Besides, the shorter incubation period of M. fructicola if compared to M. laxa (less 410 

than 24 hpi and more than 24 hpi, respectively) agreed with previous results on peach fruit 411 

[9] and could be related to specific aggressiveness components of this fungus [43]. 412 



Characterization studies on stone fruit has determined that, compare to other species, M. 413 

fructicola is the most aggressive and has the fastest growth rate [9]. Notwithstanding, while 414 

M. fructicola is more common on fruit, M. laxa was found to be equally present both in 415 

blossoms and fruit [10], probably due to the better performance of M. laxa at lower 416 

temperatures [11,12], such as those occurring during the flowering period.  417 

When analysing the host ethylene profile during the interaction, a massive production of 418 

ethylene at 5 hpi was observed for both the control and M. fructicola inoculated petals. 419 

However, M. laxa when interacting with its host induced a completely different profile, as 420 

an inhibition of ethylene production occurred. Such increased in ethylene levels at 5 hpi 421 

was likely due to a stress response caused by the petal detachment from the blossom, but 422 

the different modulation of this ethylene stress associated peak by Monilinia spp. warrants 423 

further investigation. We cannot discard that the fungus may be modulating the hormone 424 

production to prevent the activation of defence responses. In fact, although no effectors are 425 

yet characterized for Monilinia spp., in other pathogens such as Pseudomonas syringae, it 426 

was described its ability to produce coronatine, a jasmonic acid like compound that 427 

suppresses salicylic-acid-mediated defence response [44,45]. In line with these results, a 428 

recently published study also demonstrated that the interaction of nectarine fruit with the M. 429 

laxa ML8L strain also exhibit a decrease on ethylene production levels at early time points 430 

[8, Balsells-Llauradó et al., unpublished results]. Hence, we demonstrated that this altered 431 

ethylene response is conserved among the Prunus persica host players regardless of their 432 

climacteric or non-climacteric nature and that not the fungus but the host itself was altering 433 

its ethylene production pattern in an attempt to avoid or slow down the M. laxa progression. 434 

To determine a possible molecular regulation of the ethylene production, gene expression 435 

analysis of different ACS and ACO paralogs involved in the hormone biosynthesis were 436 

further analysed. As reported in earlier studies, either on apples [46] or in peach cultivars 437 



[47] ACS1 is also the rate-limiting enzyme for the observed petals ethylene production. A 438 

significant up-regulation of both PpACS1 and PpACS2 occurred in M. laxa and M. 439 

fructicola infected peach petals if compared to the control, coinciding with those time 440 

points when an ethylene burst occurred. A similar up-regulation of these genes was 441 

previously reported in peach fruit infected with Monilinia spp. [8]. The ACO gene family 442 

also completes ethylene biosynthesis. Similar expression level patterns were found between 443 

the different conditions analysed. An induction of PpACO1 levels took place in petals 444 

inoculated with M. laxa, only at 24 hpi coinciding with the start of the increase of ethylene 445 

production. However, such induction did not occur in M. fructicola inoculated peach petals 446 

neither at 24 hpi nor at early time points, although the ethylene production pattern was 447 

similar in both species from 16 hpi to 48 hpi. Besides, expression levels of PpACO2, which 448 

seems not to be strictly involved in the transition from system-I to system-II [27], were 449 

clearly lower compared to PpACO1, and were induced over time, irrespective of the 450 

inoculated condition. Contrary to this pattern, PpACO3, also involved in the transition from 451 

system-I to system-II remained stable along the time course of the experiment. Vilanova et 452 

al., [17] demonstrated the ability of Penicillium expansum to alter MdACO3 in the apple-453 

Penicillium pathosystem in an attempt of the fungi to infect the host. The fact that PpACO3 454 

levels remained stable upon the infection with Monilinia spp. demonstrates that both the 455 

ability to modify ethylene production and the mechanism involved are not ubiquitous for all 456 

fungal species. Although molecular changes described were generally in line with the 457 

subsequent ethylene production profile, there were no significant changes regarding 458 

ethylene biosynthesis genes on M. laxa inoculated petals that could evidence the observed 459 

inhibition at 5 hpi. A possible explanation could be that changes at molecular level occurred 460 

earlier than 5 hpi, as it is known that many responses including reactive oxygen species 461 

(ROS) accumulation occurred already at 4 hpi on rose petals infected with M. fructicola 462 



[48]. In this sense, the role of the redox environment and its effects on the fungi 463 

performance and the fungi ability to counteract the host response should be also considered 464 

[49,50]. The same authors also reported that other pathogen responses such as expression of 465 

M. fructicola polygalacturonases took also place as early as 4 hpi. A recently published 466 

proteomic study revealed that 1-aminocyclopropane-1-carboxylate deaminase is increased 467 

in peach fruits inoculated with M. laxa [51]. Thus, the increased abundance of this enzyme, 468 

involved in the conversion of ACC to α-ketobutylate, could, in part, explain the reduced 469 

ethylene levels observed in M. laxa inoculated blossoms. It is therefore evident that further 470 

studies are needed to decipher the origin of the inhibition observed herein.  471 

Plant-pathogen interactions can trigger a signalling cascade in which plant hormones are 472 

involved, and that ultimately, will lead to the activation of the plant defence responses 473 

[49,52]. The activation of ethylene and jasmonic acid-mediated signalling commonly 474 

occurs during necrotrophic interactions [14,53]. Indeed a synergistic interaction between 475 

both ethylene and jasmonate has been described in the B. cinerea-tomato pathosystem [54]. 476 

Such crosstalk converge in the activation of ERFs, and concretely, ERF1 [25] as a way to 477 

regulate plant defence response genes. Accordingly, we also examined the regulation of 478 

PpERF expression upon the infection of peach petals with M. laxa and M. fructicola. All 479 

tested conditions showed differences on PpERF1b but not in PpERF1a expression levels. 480 

Any changes in PpERF1b occurred at 5 hpi when infection symptoms were not already 481 

visible. However, an induction took place at 24 hpi in both M. laxa and M. fructicola 482 

inoculated petals, concomitantly with the onset of petal necrosis, and hence likely indicating 483 

the activation of the cascade response, in a failed attempt of the host to overcome the fungal 484 

disease. A previous study [22] demonstrated that PpERF1a is highly induced in a resistant 485 

peach cultivar when inoculated with Xanthomonas campestris (Xcp) pointing out the 486 

importance of PpERF1a on the outbreak of the disease. Although the differences on the 487 



pathosystem should be considered and hence, the associated responses, the fact that our 488 

results showed no changes on PpERF1a could in part explain the susceptibility of peach 489 

petals to Monilinia spp. and the ability of the pathogens to overcome the PpERF1b-490 

mediated activation of the ethylene response cascade. The same authors [22], also 491 

demonstrated that members of this group are mainly induced by methyl jasmonat (MeJA) 492 

and ethephon treatments, being the treatment with the ethylene analogue the one showing 493 

more rapid and stronger effects. However, in our results, the expression profile of PpERF1b 494 

seemed to be not related to the host ethylene production. Only at 72 hpi, the induced 495 

ethylene levels mediated by M. fructicola lead to an overexpression of PpERF1b, the same 496 

time point when brown rot incidence was significantly different between the two Monilinia 497 

species.  498 

As refers to both PpERF2a and PpERF2b, M. fructicola triggered a down-regulation of 499 

these transcripts levels at 24 hpi, which could in part explain, the greater incidence and 500 

severity observed for this species. Thus, although M. fructicola inoculated peach petals 501 

overexpressed PpERF2a levels at 72 hpi, the infection was already established as the 502 

fungus already colonized completely the tissue. Contrary to the other family members, 503 

PpERF2c remained stable between conditions at all times analysed. Overall, these results 504 

led us to conclude that peach petals modulate the expression of PpERF1b, PpERF2a and 505 

PpERF2b in response to Monilinia spp. infection in a species-specific dependent manner. 506 

Sherif et al. [22] described that while a resistant peach cultivar showed higher PpERF2a 507 

and PpERF2c gene expression, PpERF2b exhibited a contrary profile. Such discrepancies 508 

between our and previous results could be, in part, related to differences on the pathosystem 509 

itself. Monilinia is a necrotrophic fungus, while Xcp is considered a hemibiotrophic 510 

bacterium. Differences on pathogen-associated molecular patterns (PAMPs) specific of 511 

each type of pathogen may lead to a differentially activation of the host signalling cascades 512 



[55]. Hence, the strength, the intensity and ultimately, the effectiveness of effector-triggered 513 

immunity (ETI) and PAMP-triggered immunity (PTI) responses, and therefore the defence 514 

activation, could be different and dependent on the interaction [56]. Consequently, the 515 

differentially altered cascade described in the petals-Monilinia spp. interaction potentially 516 

leads to different ability of peach petal to cope with both species infection.  517 

5. Conclusions 518 

To the best of our knowledge, this is the first study providing a detailed description of the 519 

mechanisms underlying the interaction between Monilinia spp. and peach petals as well as 520 

demonstrating: (1) the importance of ethylene on such interaction and its species-specific 521 

effect and (2) the different ability of both Monilinia species to overcome the host ethylene 522 

response. Importantly, we described the different ability of either M. laxa or the host to 523 

inhibit the ethylene production, a mechanism conserved among the different phenological 524 

stages of peach, regardless of their climacteric or non-climacteric nature. Besides, 525 

PpERF1b, PpERF2a and PpERF2b were differently modulated in response to Monilinia 526 

spp. in a species-specific dependent manner, although ethylene inhibition in M. laxa 527 

inoculated petals did not altered the ERF gene expression. Further studies to decipher the 528 

cause of such modulation and specifically of the observed inhibition are encouraged. A 529 

better understanding of the interaction between Monilinia spp. and peach petals occurring at 530 

the peach flowering stage can lead to reduced fruit losses on the field, together with more 531 

specific and rational brown rot management strategies. 532 
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 759 

 760 

Figure 1. Brown rot susceptibility in 1-MCP and ethylene treated petals. Changes 761 

in brown rot susceptibility (A) and phenotypic differences (B) of ‘Merrill 762 

O’Henry’ peach petals inoculated with M. laxa and M. fructicola after the 763 

treatment with air (CK) (■), 5 µL L-1 of 1-MCP (■) and 10 µL L-1 of ethylene (■) for 764 

20 h at 3 ºC. Petals were detached from the branch and infected with a 5·104 conidia 765 

mL-1 suspension of M. laxa and M. fructicola, and incubated for 72 h at 20ºC and 85 % 766 

relative humidity. Each point represents the mean of four biological replicates and 767 

vertical bars indicate the standard error of the mean. Different letters indicate 768 

significant differences between treatments (p < 0.05). For each treatment, asterisks 769 

denote significant differences between M. laxa and M. fructicola (*p < 0.05; ** p < 770 

0.01; ***p < 0.001). 771 

 772 



 773 



Figure 2. Ethylene and respiration profile of 1-MCP and ethylene treated petals. 774 

Ethylene production (A), respiration (B) and phenotypic differences (C) of ‘Merrill 775 

O’Henry’ peach petals treated with 1-MCP or ethylene at different h post-treatment 776 

(hpt). Branches containing multiple inflorescences were treated with air (CK), 0.6 and 5 777 

µL L-1 of 1-MCP, and with 1 and 10 µL L-1 of ethylene for 20 h at 3 ºC. Each 778 

point represents the mean of four biological replicates and vertical bars indicate the 779 

s tandard error of the mean. For each time post-treatment, asterisks denote significant 780 

differences between treatments (*p < 0.05; **p < 0.01; *** p <0.001). Individual error 781 

bars depict the LSD for the interaction treatment*time.  782 

 783 



 784 



Figure 3. Effect of 1-MCP and ethylene application on M. laxa and M. fructicola 785 

growth. Plates of potato dextrose agar (PDA) were inoculated by applying a drop of 10 786 

µL at 105 conidia·mL-1 and incubated in the dark at 25 ºC for 24 h. After this time, 787 

inoculated plates were treated with air (CK), 0.6 and 5 µL L-1 of 1-MCP, and with 1 788 

and 10 µL L-1 of ethylene for 20 h at 20 ºC. Growth (cm) for M. laxa (A) and M. 789 

fructicola (B) was recorded at different h/days post treatment (hpt/dpt). Asterisks 790 

denote significant changes among treatments (*p < 0.05; ** p < 0.01; ***p < 0.001). 791 

Phenotypic differences among treatments for M. laxa (B) and M. fructicola (D) were 792 

visually inspected. 793 
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Figure 4. Ethylene biosynthetic pathway and ethylene-dependent ERF response. 795 

The heat maps represent changes in the relative gene expression of ACS (1-796 

Aminocyclopropane-1-carboxylic acid synthase), ACO (1-Aminocyclopropane-1-797 

carboxylic acid oxidase) and ERF (Ethylene response factor) family members after 798 

5, 24 and 72 h post-inoculation (hpi) with CK (mock-inoculated), M. laxa and M. 799 

fructicola. The scale colour of the heat maps represents the intensity of the relative 800 

gene expression. Dashed lines indicate that some steps within the pathway have been 801 

omitted. For each gene, asterisks indicate significant differences among inoculums 802 

(bottom) and h post-inoculation (left) (*p < 0.05; ** p < 0.01; ***p < 0.001). Ethylene 803 

production at different times post-inoculation, brown rot susceptibility after 24 h (■) 804 

and 72 h post-inoculation (■) and phenotypic differences of peach petals to both M. 805 

laxa and M. fructicola are also shown. Different letters indicate significant differences 806 

between both fungi at each incubation time (p ≤ 0.05). Individual error bar depicts the 807 

LSD for the interaction inoculum*time. 808 

809 



Supplementary data: 810 

 811 

 812 



Figure S1. Relative gene expression of ACS and ACO gene families. Changes on 813 

relative gene expression of (A) ACS (1-Aminocyclopropane-1-carboxylic acid 814 

synthase) and (B) ACO (1-Aminocyclopropane-1-carboxylic acid oxidase) family 815 

members after 5, 24 and 72 h post-inoculation (hpi) with CK (mock-inoculated), M. 816 

laxa and M. fructicola. Each point represents the mean of three biological replicates and 817 

vertical bars indicate the standard error of the mean. Different letters indicate 818 

significant differences between conditions at each time point (p ≤ 0.05). Individual 819 

error bars depict the LSD for the interaction inoculum*time. 820 
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 823 



Figure S2. Relative gene expression of ERF families. Changes on relative gene 824 

expression of (A) ERF1 (Ethylene response factor) and (B) ERF2 family members 825 

after 5, 24 and 72 h post-inoculation (hpi) with CK (mock-inoculated), M. laxa and M. 826 

fructicola. Each point represents the mean of three biological replicates and vertical 827 

bars indicate the standard error of the mean. Different letters indicate significant 828 

differences between conditions at each time point (p ≤ 0.05). Individual error bars 829 

depict the LSD for the interaction inoculum*time. 830 
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 833 

Table S1. Scheme of the experimental design. The targeted measurement and its 834 

corresponding figure, the flowering season when de measurements were performed, 835 

the number of biological replicates (reps) for each condition, the number of petals 836 

and/or plates used for each replicate and the total of samples analysed for each 837 

measurement are indicated.  838 

  839 

Measurement Figure 
Flowering 

season 

Number of 

biological 

replicates 

Number of 

petals/plates for 

replicate 

Total samples 

for each 

condition 

 

Incidence of 1-MCP and 

ethylene treated blossoms 

 

Fig. 1 2019 4 replicates 10 petals 40 petals 

Ethylene production and 

respiration of 1-MCP and 

ethylene treated blossoms 

 

Fig. 2 
2019 and 

2020 
4 replicates 10 petals 40 petals 

Monilinia in vitro 

treatments with 1-MCP an 

ethylene 
 

Fig. 3 2019 3 replicates 3 plates 9 plates 

Gene expression analysis 

 
Fig. 4 2020 

3 replicates 

 (+ 3 technical 

replicates) 

20 petals 60 petals 

Ethylene production of 

inoculated petals 
Fig. 4 2020 4 replicates 10 petals 40 petals 

 
Incidence of inoculated 

petals 

 
Fig.4 

 
2020 

 
4 replicates 

 
10 petals 

 
40 petals 

      



 840 

Table S2. List of primers used for RT-qPCR. From left to right: Gene name, Primer 841 

type (Forward/Reverse), Primer sequence (5’ – 3’), Primer efficiency (%) and Primer 842 

source. 843 

 

Gene 

 

Primer 
Sequence 

(5’ – 3’) 

 

Efficiency Source 

 

 

PpACS1 

 

 
Fw 
Rv 

 

 
TGTTCAGCTCCCCGACTTTCAC 

TCTTGCGGCCGATGTTCACC 

 

 

2.060      [27] 

  

PpACS2 

 
Fw 
Rv 

 
TTTGAAGAACCCAGAAGCCTCCAT 
ATAACAATCCGGTCGGGGTCAAA 

 

1.912 [27] 

 

 

PpACO1 

 
Fw 
Rv 

 
CCCCCATGCGCCACTCCA 

CATCACTGCCAGGGTTGTAAAAG 

 

2.089 [27] 

 

 

PpACO2 

 
Fw 
Rv 

 
CAGCCGGATGGTACCAGAATGTC 

ACACAAATTTGGGGTAGGCTGAGA 

 

1.975 [27] 

 

 

PpACO3 

 
Fw 
Rv 

 
GAAGTCGACTGTCCATTGCTACCT 

TGCGGCCCTTGTCAGAAAA 

 

2.090 [27] 

 

 

PpERF1a 

 
Fw 
Rv 

 
CTCCTCGGTGGCTGAACAT 
AGTGGCAGCAGACCCATA 

 

1.926 [22] 

 

 

PpERF1b 

 
Fw 
Rv 

 
CGATTTCGGGTCCCATTT 
GCAAATCGCCCCAGTTTT 

 

1.945 [22] 

 

 

PpERF2a 

 
Fw 
Rv 

 
GCTGTCCCGCTGTATTTCA 
CTTGTTCTCCCCAGCCAAA 

 

1.992 [22] 

 

 

PpERF2b 

 
Fw 
Rv 

 
GGGGTTGAGCTCCATGAAT 
GAACCAGACCCGGAGTTTT 

 

1.966 [22] 

 

 

PpERF2c 

 
Fw 
Rv 

 
GGTGGCGAGATTTATGGAAA 

CCAGACCCAGGAACGATT 

 

1.983 [22] 

 

 

PpTEF2 

 
Fw 
Rv 

 
GGTGTGACGATGAAGAGTGATG 
TGAAGGAGAGGGAAGGTGAAAG 

 

2.006 [28] 

 

PpRPII 

 
Fw 
Rv 

 
TGAAGCATACACCTATGATGATGAAG 

CTTTGACAGCACCAGTAGATTCC 

 

1.891 [28] 
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