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Chapter 1. Introduction 



1.1  Aims and objectives

Penicillium expansum Botrytis cinerea Rhizopus

stolonifer Alternaria alternata. 

Literature review 



           Modelling the growth of pear postharvest fungal isolates at different temperatures 

Optimized turbidimetric protocol for the assessment of the growth of  pear 

postharvest fungi 

Assessing the efficacy of ZnO nanoparticles against postharvest fungal isolates by 

automated turbidimetric analysis 

P. expansum 

Physiological effects and mode of action of ZnO nanoparticles against postharvest 

fungal contaminants 



Assessing the air filtration efficacy of compressed and uncompressed  polyurethane 

foams



1.2 Structure of the thesis

Chapter 2  Literature review 

Part of this work was published in peer-reviewed journals: 

D. Sardella

International Journal of Fruit Science. 16 .

D. Sardella

Trends in Food Science and Technology. 50. 

Chapter 3 Modelling the growth of pear postharvest fungal isolates at different 

temperatures

Penicillium expansum Alternaria alternata Botrytis cinerea Rhizopus stolonifer

μ λ



Tmin, Tmax Topt

R. stolonifer μopt=

± P. expansum 

R. stolonifer B. cinerea

P. expansum A. alternata In vivo

P. expansum

Part of this work was submitted to a peer-reviewed journal for publication. 

D. Sardella

Chapter 4  Optimized turbidimetric protocol for the assessment of the growth of pear 

postharvest fungi 

vs



Part of this work was submitted to a peer-reviewed journal for publication. 

D. Sardella

Chapter 5 Assessing the efficacy of ZnO nanoparticles against postharvest fungal isolates 

by automated turbidimetric analysis 

 Penicillium expansum

Part of this work was published in a  peer-reviewed journal: 

D. Sardella

Penicillium expansum Mycology.



Chapter 6 Physiological effects and mode of action of ZnO nanoparticles against 

postharvest fungal contaminants 

Part of this work was published in a  peer-reviewed journal: 

D. Sardella

Food Research International



Chapter 7 Assessing the air filtration efficacy of compressed and uncompressed 

 polyurethane foams 

Part of this work was submitted to a peer-reviewed journal for publication. 

D. Sardella

Chapter 8. General conclusions and future perspectives 



Chapter 2: Literature review 

2.1 Pear postharvest fungal diseases and new intervention solutions for their 
control

 2.1.1. Postharvest pear fungal diseases 

Pyrus communis 

Pyrus ussuriensis P. ussuriensis P. pyrifolia

P. bretschneideri 



Penicillium Botrytis Alternaria

Gloeosporium Rhizopus Phialophora Mucor



Penicillium expansum

Penicillium

Penicillium

P. expansum

P. expansum

Figure 2.1: Pear fruit showing symptoms of infection by blue mold 



Botrytis cinerea Botryotinia fuckeliana



B.cinerea Botrytis

Botrytis

B. cinerea

B. cinerea

Figure 2.2: Pear fruit showing symptoms of infection by gray mold 



Ulocladium

Alternaria Alternaria alternata

Alternaria alternata

A. alternata

A. kikuchiana

Alternaria

alternata Pyrus bretschneri



Figure 2.3: Pear fruit showing symptoms of infection by Alternaria rot 

Neofabraea

Neofabraea perennans

Pezicula perennans N. alba

Pezicula alba

N. perennans N. alba



Rhizopus

Rhizopus

R. stolonifer

R. stolonifer



Mucor piriformis Mucor

M. mucedo M. racemosus

M. strictus Mucor piriformis

Phialophora malorum Sporotrichum

malorum S. carpogenum



Sporotrichum

Cladosporium herbarum

2.1.2. Postharvest disease control and use of nanoparticles as novel antifungal agent 







Erythricium salmonicolor

Fusarium graminareum Penicillium

expansum Aspergillus flavus Penicillium citrinum 

Botrytis cinerea

Candida albicans 



2.1.3. Air-filtration systems 







Chapter 3: Modelling the growth of pear postharvest fungal isolates at different 
temperatures

3.1 Introduction 

 3.1.1. Postharvest fruit storage and cold-resistant fungi 

°

≈

Penicillium

Botrytis Alternaria Gloeosporium Rhizopus

Phialophora Mucor

° °

Rhizopus stolonifer

Rhizopus stolonifer

P. expansum 



B. cinerea °

°

3.1.2. Fungal aggressiveness comparison by predictive mycology studies 

in vivo

P. expansum P.



expansum B. cinerea

A. alternata 

Botrytis cinerea Penicillium expansum 

3.2 Objective 

Penicillium expansum

Botrytis cinerea Rhizopus stolonifer Alternaria alternata

in vitro in vivo



3.3 Materials and methods 

3.3.1. Fungal isolates and preparation of inocula 

Penicillium expansum Botrytis cinerea Rhizopus stolonifer

Alternaria alternata

 3.3.2. Inoculation and growth measurements on SDA and Pear Pulp Agar plates  



°

°

aw

aw °

°

μ

λ ® μ λ

Topt Tmin Tmax

° µopt λopt



J

° ° Topt

µ

μpredicted μobserved

Af Bf

 3.3.3. Comparative assessment with an in vivo assay on artificially wounded and 

 inoculated pear fruit 

In vivo 

Topt

in vivo



Topt

®

3.4 Results 

3.4.1. Modelling the effect of the temperature on SDA plates

R. stolonifer

μopt R.

stolonifer B. cinerea A. alternata P.expansum Tmin Tmax Topt

P. expansum Tmin

° A. alternata Tmin °



Figure 3.1. Effect of the storage temperature on the growth rate (μ) of the four fungal isolates on 
SDA fitted with the CMI (continuous line). Scattered points represent the observed values. 
Inoculum size was 105 spores/mL for all the isolates. Scale is different due to differences in 
growth rates among the isolates. For a comparison with the same scale refer to Figure 3.3.

Table 3.1. Estimated values of Topt, Tmin and Tmax and corresponding SE from the CMI for all the 

fungal isolates.

μopt(1/h) Topt(°C) Tmin (°C) Tmax (°C) MSE

P. expansum 

B. cinerea 

R. stolonifer 

A. alternata 



R.

stolonifer

λοpt

R. stolonifer A. alternata P. expansum B. cinerea

Figure 3.2 Effect of the storage temperature on the reciprocal lag time (1/λ) of the four fungal 
isolates grown on SDA fitted with the CMI (continuous line). Scattered points represent observed 
values of the reciprocal lag time (1/λ).

3.4.2. Model validation 



Af Bf

Bf

Bf

R. stolonifer B. cinerea

R. stolonifer P. expansum A. alternata

Table 3.2. Accuracy factors (Af) and bias factors (Bf) for each of the fungal predictive models.

Af Bf

R. stolonifer 

B. cinerea 

P. expansum 

A. alternata 



Figure 3.3. Validation studies of the model with fungal study collected on PPA. Continuous lines 
correspond to predicted growth rate values by the model, while scattered points are the observed 
growth rates from the PPA experiments.

  



3.4.3. In vivo studies 

in vivo



Figure 3.4. Growth results on artificially inoculated pear fruit. Diameter maximum is plotted 
against diameter minimum. Diametric increase with time is plotted with different colours of  
concentric ellipses representing the surface area of the lesions.



R. stolonifer

R. stolonifer P. expansum A. alternata B.

cinerea

Table 3.3. Comparison between growth rates obtained on PPA and artificially inoculated pear 
fruit at the estimated optimal temperatures from the CMI. Small and capital letters show the 
statistical analysis (t-test) performed between fungi. A similar analysis was performed between 
media.

T (°°C) PPA Pear

B. cinerea 

R. stolonifer 

P. expansum 

A. alternata 



Figure 3.5. Comparison of diameter maximum increase against time for all the four fungal 
isolates on artificially inoculated pear fruit.

P. expansum

3.5 Discussion 



 3.5.1. Modelling the effect of the temperature on SDA plates 

Tmin P. expansum P.

expansum

° °

° °

R. stolonifer, 

Rhizopus

Rhizopus oryzae

Rhizopus, R. stolonifer

R.

stolonifer R. oryzae 

R.

stolonifer

R. stolonifer

° ° °

°

R. stolonifer



Rhizopus

°

°

B.

cinerea

Rhizopus

°

° ° P. expansum

B. cinerea

P. expansum Tmin ° B.

cinerea Tmin ° B. cinerea

P. expansum

B. cinerea P. expansum 

A. alternata R. stolonifer B.

cinerea P. expansum A. alternata

°

A. alternata ° Tmin °



Tmin A.

alternata Tmax °

A. alternata ° °

A. alternata °

 3.5.2. Model validation 

Bf P. expansum B. cinerea

Af

B. cinerea P. expansum

B. cinerea Af

Bf P. expansum 

R. stolonifer

B. cinerea R. stolonifer 

P. expansum

Af Bf 



in vitro models

P. expansum in vivo

in vivo

3.6 Conclusions 

in vitro 

R. stolonifer B. cinerea

P. expansum



Chapter 4: Optimized turbidimetric protocol for the assessment of the growth of 
pear postharvest fungi.

4.1 Introduction 

 4.1.1. Assessment approaches of fungal growth 

radial growth rate 

in vitro 

et al.



dormant

Aspergillus niger





4.2 Objective 

Penicillium expansum Alternaria alternata Botrytis cinerea



Rhizopus stolonifer

4.3 Materials and methods

 4.3.1. Preparation of inocula 

A. alternata B. cinerea R.

stolonifer P. expansum

4.3.2. Preparation of media 



4.3.3. Assessment of growth 

4.3.4. Microscopic examination 



4.4 Results 

 4.4.1 Growth quantification 



Figure 4.1 Fractional areas of A. alternata for each medium and inoculum. Different letters 

show the results of the statistical analysis (t-test) performed between different media.

Figure 4.2 Fractional areas of B. cinerea for each medium and inoculum. Different letters show 

the results of the statistical analysis (t-test) performed between different media. 



Figure 4.3 Fractional areas of P. expansum for each medium and inoculum. Different letters 

show the results of the statistical analysis (t-test) performed between different media



Figure 4.4 Fractional areas of R. stolonifer for each medium and inoculum. Different letters 

show the results of the statistical analysis (t-test) performed between different media



4.4.2 Microscopic examination 

Alternaria alternata



Figure 4.5. Images of each microwell from the culture of A. alternata on PDA at different 
inoculum size and time intervals. 



Figure 4.6. Images of each microwell from the culture of A. alternata on YED at different 
inoculum size and time intervals.



Figure 4.7. Images of each microwell from the culture of A. alternata on SDA at different 
inoculum size and time intervals.

4.5 Discussion 



Aspergillus flavus



Curvularia lunata 

4.6 Conclusions 





Chapter 5: Assessing the efficacy of ZnO nanoparticles against postharvest 

fungal isolates by automated turbidimetric analysis

5.1 Introduction 

5.1.1. Assessing the efficacy of novel antifungal compounds 

Erwinia persicina





5.2 Objective 

Penicillium

expansum Botrytis cinerea Alternaria alternata Rhizopus stolonifer 

P. expansum 

5.3 Materials and methods 

 5.3.1. Preparation of the medium 



 5.3.2. Antifungal screening 

A. alternata B. cinerea R. stolonifer

P. expansum



 5.3.3. Quantitative assessment of the inhibitory concentrations 

O.D. versus time 

®

Penicillium expansum 

fa

c

p1 p2

P. expansum



5.4 Results 

 5.4.1. Antifungal effect of ZnO nanoparticles 

A. alternata B. cinerea 

R. stolonifer



Figure 5.1. Trapezoidal area vs ZnO NPs concentrations comparative plot for A. alternata, B. 

cinerea, R. stolonifer and P. expansum. 

5.4.2. Full inhibitory profile of P. expansum 

with P. expansum



Figure 5.2. Growth curves for P. expansum inoculated without ZnO (C0) and with 

concentrations ranging from 0.5 mM up to 15 mM (C1 - C12).

Table 5.1. List of all the tested concentrations of ZnO nanoparticles for P. expansum. Range 

starts from a concentration of 0.5 mM corresponding to 40.70 ppm (C1) up to 15 mM 

corresponding to 1221.12 ppm (C12).

mM ppm



fa

p1 p2 



Figure 5.3. Inhibition profile of ZnO nanoparticles against P. expansum. Scattered points 

represent the averages of the observed values of estimated fractional area, continuous line 

represents the predicted values obtained from the LPM. The Mean Squared Error (MSE) was 

0.08.

5.5 Discussion 

<

Penicillium expansum

Alternaria

alternata Botrytis cinerea Rhizopus stolonifer



±

P. expansum 

P. expansum

P. expansum <

Saccaromyces cerevisiae, Candida albicans, Aspergillus niger Rhizopus

stolonifer

≈

Fusarium graminearum Penicillium citrinum

Aspergillus flavus 



5.6 Conclusions



Chapter 6: Physiological effects and mode of action of ZnO nanoparticles 

against postharvest fungal contaminants

6.1 Introduction 

 6.1.1. Mode of action of nanoparticles 

in vivo

Fusarium graminearum Penicillium

citrinum Aspergillus flavus 



B. cinerea P.

expansum

Rhizopus stolonifer A. alternata

in vitro

in vivo in situ

6.2. Objective 

P. expansum B. cinerea R. stolonifer A. alternata

6.3 Materials and Methods 



 6.3.1.  Inoculum preparation 

Penicillium expansum Botrytis cinerea Rhizopus stolonifer

Alternaria alternata

  

 6.3.2. Nanoparticles' suspensions preparation 

  

 6.3.3. Medium preparation 



≈ °

 6.3.4. Diameter extension measurement 

°



µ µopt

opt

 6.3.5. SEM imaging 

P. expansum B. cinerea A.

alternata R. stolonifer

 6.3.6. Assay with EDTA 



±

t-

test

6.4 Results

 6.4.1 Diameter extension measurement 

R. stolonifer R. stolonifer

ZnO50 R. stolonifer P. expansum A. alternata

B. cinerea 



Figure 6.1 Growth rate μ vs ZnO concentration graph for all the studied fungi. Scattered points 

represent the results deriving from the linear regression analysis performed on the observed 

values. Continuous lines represent the values estimated by the model.



Table 6.1 List of the parameters estimates for all the fungi following the prediction model. The 

concentration at which the growth rate was equal to half the optimum growth rate (ZnO50) is 

highlighted in bold. 

ZnO50 (mM) µopt (cm/h) d

A. alternata 5.49

B. cinerea 6.54

R. stolonifer 3.88

P. expansum 5.08

 6.4.2. Scanning electron microscopy 

P. expansum A.

alternata B. cinerea R. stolonifer

P. expansum



A. alternata

B. cinerea

R. stolonifer



Figure 6.2 SEM images of P. expansum, A. alternata, B. cinerea and R. stolonifer without 

(a,c,e,g) and with (b,d,f,h)  ZnO NPs respectively. Samples were inoculated onto PDA plates 

with a final concentration of 12 mM ZnO NPs. Morphological aberrations are evident in all the 

treated samples.



 6.4.3. Assay with EDTA 

P. expansum

t-test

per se 



Figure 6.3. Diametric increase of P. expansum on PDA only (Control), PDA with ZnO NPs (12 

mM), PDA with ZnO NPs + EDTA (NPs+EDTA) and PDA with EDTA only. Each spot 

represents  the average from at least 3 replicates.



Table 6.2. Growth rates (cm/h) for all the fungal samples with EDTA, ZnO NPs and ZnO NPs+ 

EDTA. Data were obtained by linear regression analysis on the raw diametrical measurements. 

Small characters show statistical analysis results (t-test) performed between different samples 

for the same fungi.

Control ZnO NPs ZnO NPs + EDTA 

A. alternata 

B. cinerea 

R. stolonifer 

P. expansum 



Figure 6.4. Absorbance spectra of ZnO NPs (continuous line) and of ZnO NPs treated with 

EDTA (fragmented line). The characteristic peak at 360 nm is evident for the ZnO NPs. The 

dilution rate of each measured sample was 1:8 from the neat suspensions used in the assay.

 6.5 Discussion 

±

P. expansum  B. cinerea

P. expansum B. cinerea



Fusarium graminearum Aspergillus flavus Penicillium citrinum 

P. citrinum

ZnO50

P. expansum B.

cinerea



A. alternata B. cinerea P. expansum

R. stolonifer Candida albicans

Aspergillus niger Fusarium oxysporum Botrytis Penicillium



6.6 Conclusions 



Chapter 7. Assessing the air filtration efficacy of compressed and uncompressed 

polyurethane foams.

7.1. Introduction 

 7.1.1 Air decontamination in fruit storage facilities 





7.2 Objective

7.3. Materials and methods 

7.3.1. Production of polyurethane foams 

°

7.3.2 Air filtration system 



 7.3.3 Microbial analysis 



7.3.4 Scanning electron microscopy (SEM) imaging 

7.4. Results



 Figure 7.1. Comparison of the percentage efficacy of uncompressed foams. 



Figure 7.2. SEM micrographs of the 90 ppi foam used (a) the original uncompressed foam and 

(b) 30 mm foam compressed to 5 mm foam. 



Figure 7.3. Comparison of the percentage efficacy between uncompressed foams (30 mm) and 

compressed ones (5 mm and 25 mm). 

7.5 Discussion 





Penicillium, Botrytis Alternaria Penicillium



Alternaria

Botrytis

7.6 Conclusion 

in vivo



Chapter 8. General discussion, conclusions and future perspectives

Tmin

R. stolonifer 

Rhizopus

 in vitro 

R.

stolonifer B. cinerea

P. expansum





P.

expansum



in

vivo



Appendixes



Appendix 1: Optimizing protocols to assess the efficacy of ZnO nanoparticles as antifungal 

agents against Aspergillus spp.

 A1.1 Introduction 

Aspergillus

Aspergilli

Aspergillus niger

Aspergillus

A. niger

A. niger

Aspergillus Aspergillus terreus A. terreus

Aspergillus

A. niger



A1.2. Objective 

A. niger A. terreus 



          A1.3. Materials and methods 

    A1.3.1 Inoculum preparation 

Aspergillus niger Aspergillus terreus

 A1.3.2. Medium preparation 

 A1.3.3. Modified disk-diffusion test 



A. niger A. terreus

ino

bi

p p

p 1-p

p

 A1.3.4. Mycelium growth inhibition 

A. niger

A. terreus



d(t) t d0

µ λ

d(t) d0.

 A1.3.5. Turbidimetric assay

A.1.4 Results and discussion 

 A1.4.1 Modified disk-diffusion test 



A. niger A. terreus 

A. niger 

A. terreus

Figure A1. Growth prediction curves for A. niger at different inoculum sizes and under different 

nanoparticles concentrations. The blue, the light blue and the yellow lines represent the 

predicted probability of growth p=0.1 , p=0.5 and p=0.9, respectively. The black, the white and 

the grey dots represent positive, negative and positive/negative responses respectively.



A. terreus

A. niger A.

terreus

Figure A2. Pictures from microwells with A. niger. Inoculum size is 105 sp./mL for each sample 

(control and 30 mM NPs). 



Figure A3 Pictures from microwells with A. terreus. Inoculum size is 105 sp./ml for each sample 

(control and 30 mM NPs). 

 A1.4.2 Mycelium growth inhibition

A. niger

A. niger A. terreus



Figure A4. Comparison of the growth ratios against ZnO concentrations for A. niger (red) and 

A. terreus (blue) 

Turbidimetric assay 

A. niger A. terreus

A. niger



Figure A5. A.

niger(red) and A. terreus (blue).



Appendix 2: Evaluation of the interactions between Erwinia persicina's

biofilms and fungal isolates

A2.1. Introduction



 A2.1.1. Bacterial-fungal interactions 

Chrysantemum

Botrytis cinerea

B. cinerea

Pseudomonas

B. cinerea

Candida albicans 



A2.1.2 Biological control 

Erwinia persicina 

Erwinia

E. persicina



Erwinia E. cypripedii

Erwinia carotovora subsp. carotovora

A2.1.3. A. niger and P. expansum

Aspergillus niger and Penicillium expansum A.

niger

P. expansum 

A. niger P. expansum

P. expansum 

Bacillus cereus Bacillus subtilis

A2.2 Objective 



in vitro Erwinia persicina

A. niger P. expansum

Erwinia persicina

A3. Materials and methods

 A3.1 Media preparation  

AquaLab LITE 

 USA

A3.2 Preparation of cultures and growth studies

Erwinia persicina 



E. persicina

E. persicina 

Erwinia persicina

E. persicina

A3.3 Sample preparation for fluorescence microscopy analysis 

E. persicina 

E. persicina



A3.4 Assessment of toxin production 

P. expansum A. niger 

P. expansum

A. niger

P. expansum A. niger

A. niger P. expansum

E. persicina

º



A4. Results and discussion 

A4.1 Growth diameters measurements 

A. niger E. persicina

P.

expansum,

P. expansum

A. niger 



Figure A2.1 A. niger P. expansum

E. persicina



A4.2 Fluorescence microscopy 

E. persicina

P. expansum 

A. niger 

, E. persicina 

A. niger

P. expansum E. persicina

Pichia

guilliermondii Botrytis cinerea Pichia

Botrytis cinerea

Candida saitona Botrytis cinerea



Figure A2.2: E. persicina

P. expansum E. persicina

A. niger A. niger E.

persicina

a b 

c d 

e f 



A4.3 Toxins detection 

E. persicina

A. niger E. persicina

P. expansum

P. expansum 

E. persicina 

A. niger

E. persicina

P. expansum A. niger. 

E.

persicina E.

persicina



Figure A3 E. persicina E. persicina A. niger

A. niger P. expansum E. persicina P. expansum

A5. Conclusions 

E. persicina

A. niger P. expansum

a b c

d e f 
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