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SUMMARY 

Increases in carbon dioxide (CO2) and temperature are expected to induce complex 

effects on plant pathogens. The results of studies on the effects of climate change on a 

number of pathosystems, such as the downy and powdery mildew of  grapevines, and on 

several pathogens of vegetable crops, such as rocket, basil, beet and zucchini, have been 

analysed in this review. In the reviewed  works, plants were grown in controlled environment 

facilities (phytotrons) under six different simulated climatic conditions: a standard CO2 

concentration (400 - 450 ppm) with a standard (ranging from 18 to 22/24 °C) and elevated 

temperature (5 °C higher than standard), and elevated CO2 (800 - 850 ppm) under  a standard 

and elevated temperature. When  the CO2 level and the temperature were increased,  an 

increase was observed of powdery mildew on zucchini, Alternaria leaf spot on rocket salad, 

black spot and downy mildew on basil, Allophoma tropica on lettuce and Phoma leaf spot on 

garden beet.  Variable effects were instead observed when individual climate parameters 

were taken into consideration. The effects of changed environmental values on some 

physiological parameters on the production of mycotoxins as well as on disease management 

were also considered on selected pathosystems. CO2 concentration and temperature proved to 

influence disease severity and mycotoxin production in different ways. As far as the 

application of biocontrol agents is concerned, the efficacy of Ampelomyces quisqualis against 
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zucchini powdery mildew was found to be improved under higher temperature and CO2 

conditions. The results obtained with different host/pathogen combinations will allow to 

develop adaptation strategies for disease management and to provide the seed industry with 

useful information in order to develop new cultivars that will be more adapted/adaptable to 

the changing conditions. The usefulness and limitations of studies carried out under 

controlled environment conditions are critically discussed.  

 

Keywords:phytotrons, powdery mildew, downy  mildew, mycotoxins, climate change. 

 

INTRODUCTION 

The expansion of the world population, with the consequent intensification of 

agricultural and industrial activities, and the moving of an increasing part of the population 

from rural to urban areas, have led to a raise of  gas emissions from agriculture, the 

combustion of fossil fuels and industrial processes. All these factors have resulted in changes 

in the chemical composition of the atmosphere. The International Convention of Climate 

Change has well documented the increases in temperature and CO2 levels, which are 

considered the two most important factors, although it is well known that 

chlorofluorocarbons, methane, nitrous oxide, water vapour and ozone also play roles of 

consequence. 

Although there is still some controversy regarding whether changes in the chemical 

composition of the atmosphere have already modified or will influence climate change in the 

future, as expressed by global warming and changes in precipitation patterns, most scientists 

are in agreement with the fact that the climate is changing, and that such a change is the 

consequence of gas emissions (Manning and von Tiedemann, 1995; Wuebbles and Hayhoe, 

2002; Colombo et al., 2007; IPCC, 2014).  

Agriculture has suffered to a great extent and will continue to suffer from the 

consequences of climate change. In view of the growth of global population, climate change 

is considered a threat to both global food and fibre production (Rosenzweig and Parry, 1994) 

as well as to food security (Gregory et al., 2009) and plant biosecurity (Stack et al., 2013). 

European agriculture, particularly in Mediterranean and south-eastern countries, is at risk of 

extensification (Bindi and Olesen, 2011).  

Much research has been carried out on the effects of individual climate change factors 

on biomass formation and crop yield. Plant diseases and pests are influenced by both the 
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climate and the weather. In general, the factors that influence climate change may increase, 

reduce or not influence disease incidence or severity (Manning and von Tiedemann, 1995).  

The effects of several factors, i.e. increased temperature, CO2, O3 or UV-B, on the 

incidence and severity of plant diseases have been evaluated over the past 20 years, initially 

working on field crops, such as wheat, barley, rice, soybean and potato (Luck et al., 2011; 

Bregaglio et al., 2013; Launay et al., 2014; Mikkelsen et al., 2014), forest trees (Sturrock et 

al., 2011) and on tropical and plantation crops (Ghini et al., 2011). In general, most of the 

research has been carried out on diseases of broad acre field crops (Luck et al., 2011) much 

less on horticultural crops (Koo et al., 2016).  

Only a limited amount of empirical studies that realistically mimic the factors that can 

influence the effects of climate change on plant diseases has been conducted (Loustau et al., 

2007; Ingram et al., 2008; Chakraborty and Newton, 2011; Luck et al., 2011; Pautasso et al., 

2012). This type of study cannot be carried out under field conditions and requires complex 

facilities. However, empirical studies that evaluate the effects of the main factors of change 

on different pathosystems are very useful, not only because they can complement other 

studies and provide data that can be used to design better scenarios, but also because they can 

provide practical information to help developing  adaptation and mitigation strategies and 

disease management options (Juroszek and von Tiedemann, 2011), that can be specifically 

designed for different pathosystems. Climate change studies carried out in free air 

concentration enrichment (FACE) systems and under open-topped chambers have increased 

the understanding of the effects of different parameters on the development of plant diseases 

on a number of crops (Eastburn et al., 2011).  

Moreover, empirical studies that have reproduced changes in the main factors of 

influence on climate change make it also possible to evaluate other aspects of climate change 

influence on plant diseases,  such as mycotoxin production and/or effects on disease 

management practices. 

Several of the studies reviewed herein  were carried out to collect up to date 

information on the effects of temperature and CO2 increase on a number of pathosystems. 

This information would prove useful for developing disease management strategies adapted 

to a  climate change, for the seed industry in particular, so that it  can invest in new cultivars   

more adaptable to the changing conditions.  
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The effects are also reviewed. of the changed environmental parameters on some 

physiological parameters, on the production of mycotoxins and on the effect on disease 

management on certain selected pathosystems.  

 

STUDIES UNDER CONTROLLED ENVIRONMENT FACILITIES 

Controlled environment facilities as a research tool. Critical epidemiological 

studies on individual pathosystems should be conducted in a controlled environment to 

formulate hypotheses that may  help developing process-based approaches. Controlled 

environment facilities, also defined phytotrons, are a useful tool for this type of study. These 

are closed chambers used to study the effects of environmental conditions on plant growth 

and plant disease development,  as well as to monitor plant gas production and consumption. 

Such facilities permit the environmental conditions (air temperature, relative humidity, light, 

carbon dioxide and ozone concentration) and the organisms under study to be controlled 

precisely. Such a degree of rigour and control cannot be achieved in field conditions, under 

FACE systems or in open topped chambers.  

Phytotrons have been designed and used to establish controlled and reproducible 

conditions for studies on plant physiology and phenology, plant biochemistry, ecology, plant 

morphometry, food quality and plant pathology (Gullino et al., 2011; Hakata et al., 2017). 

The possibility of reaching a perfect control of the environmental parameters, in particular the 

CO2 levels, makes such facilities a perfect tool for experimental research on climate change, 

and allows researchers to disentangle the complexity of natural and agricultural ecosystems. 

In such controlled environment facilities, it is possible to carry out empirical research under 

realistic field conditions combining the influence of increasing temperature with rising CO2, 

thus considering the two parameters that have the most influence on climate change.  

Several types of controlled environment facilities have been used to study the effects 

of environmental conditions and stresses on plant diseases. In most cases, these facilities are 

small, and only permit to work on seedlings or small plants for short periods (Thiel et al., 

1996; Matyssek et al., 2010; Poorter et al., 2016). However, innovative equipments capable 

to maintain and monitor constantly and completely all the important environmental 

parameters for disease development have been designed and built (Gullino et al., 2011). The 

main monitored environmental parameters are reported in Table 1; other parameters, such as 

air speed, leaf temperature and wetness can also be measured. Thanks to an accurate fine 

tuning, the controlled environment facilities have been adapted to and improved for plant 
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pathology research, so as to create the perfect conditions for  obtaining , when so desired, 

high infection rates by different pathogens under artificial inoculation. Each factor, such as a 

constant small-quantity ventilation, which favours, for example, the development of powdery 

mildew, can be considered, with the possibility of intervening for avoiding any kind of 

environmental influence.  

Crops and pathogens exploited. The studies reviewed have been carried out on 

economically important crops, such as grapevine, lettuce, zucchini and bean, as well as on 

ornamental (pelargonium) and minor vegetable crops, such as rocket, spinach, radish and 

leaf beet, which are extensively grown for fresh consumption, and as ready-to-eat 

preparations (Table 2). Grapevine is an important crop throughout the world, expected to 

suffer the impact of climate change and predicted to move north in Europe. Vegetable crops 

are important throughout the world and are grown extensively in Europe, in open fields and 

greenhouses. They are also of interest for seed companies, as they continuously develop 

cultivars  that have  new captivating traits for consumers  and are more adapted to new 

cultivation techniques.  

The investigated pathogens are  mostly causal agents of foliar diseases, since climate 

changes are expected to have a major impact on them. Biotrophs and necrotrophs have been 

tested and addressed in this review, a special attention being devoted to both “traditional” 

pathogens long known to affect  the selected crops, and to newly emerged ones, whose recent 

appearance has sometimes been, at least partially, related to climate change, and in particular 

to increased temperatures. Among the biothrophs, powdery mildews have been studied on 

grapevine and zucchini, while downy mildews have been studied on grapevine and basil, and 

rusts have been studied on bean and pelargonium. Among the necrotrophs, Alternaria leaf 

spot has been studied on rocket, cabbage and cauliflower, while other foliar pathogens 

(Colletotrichum gloeosporioides, Allophoma tropica, Phoma betae, Fusarium equiseti) have 

been considered on basil, wild rocket, lettuce and radish (Table 2). 

Despite the fact that climate change is expected to affect foliar pathogens in particular, 

the studies cited in this review have taken into account also  soil-borne pathogens: two agents 

of Fusarium wilt, i.e. Fusarium wilt of lettuce, caused by Fusarium oxysporum f. sp. lactucae 

and the Fusarium wilt of cultivated rocket (Eruca sativa), caused by F. oxysporum f. sp. 

conglutinans (Table 2). 
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EFFECT OF INCREASED CO2 AND TEMPERATURE ON DISEASES 

Foliar pathogens. Foliar pathogens are expected to be those that will be influenced 

the most by climate change. The large amount of epidemiological data available on the most 

important foliar diseases makes it possible to easily forecast a major effect of temperature 

increase on powdery mildews and rusts, while other variables like CO2 and ozone may 

intervene on the other pathogens. Among foliar pathogens, studies have taken into 

consideration several powdery mildews, downy mildew, rusts and the agents of different leaf 

spots  

 

Powdery mildews. Two pathosystems: grapevine/Uncinula necatrix and 

zucchini/Podosphaera xanthii have been considered in different studies (Pugliese et al., 

2010; Pugliese et al., 2012b). 

Grapevine plants of two cultivars, ‘Moscato’ and ‘Barbera’, were found to grow faster 

at high temperatures (26-30 °C) and elevated (800 ppm) CO2. The photosynthetic efficiency 

of the host decreased under high temperature and elevated CO2, probably due to a faster leaf 

obsolescence at high temperatures. Elevated (800 ppm) CO2 negatively affected the growth 

of Erysiphe necatrix at standard (22-26 °C) and high (26-30 °C) temperatures. In the case of  

cv. ‘Barbera’, the increase in CO2, combined with a higher photosynthetic activity, reduced 

the disease. Moreover, rising CO2 can induce some changes, linked to the increased 

assimilation, in the anatomy and physiology of the host, with involvement of the plant 

defence mechanisms. A significant leaf chlorophyll content increase occurred in cv. 

‘Moscato’ at a higher temperature and CO2 concentration, to which a higher fluorescence 

index consequently corresponded (Pugliese et al., 2010) (Table 3). 

In the case of Podosphaera xanthii on zucchini, the development of powdery mildew 

was influenced more by the combination of temperature and CO2 than by CO2 alone 

(Pugliese et al., 2012b). However, an increase in CO2 can induce physiological changes that 

can affect disease development. Healthy and infected plants grew better at low temperatures 

(18-24 °C) and an elevated (800 ppm) CO2 regime. With elevated CO2 and high 

temperatures, the vegetative-reproductive balance of zucchini plants favoured the vegetative 

development, with plants producing more leaves and less fruit, especially in the case of 

diseased plants (Pugliese et al., 2012b). The plants had lower dry weight and a similar fresh 

weight compared to plants grown at standard temperature and CO2 values, thus indicating a 

greater water content and, consequently, a greater susceptibility to the pathogen. 
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Physiological studies that took into consideration stomatal conductance, intercellular 

concentration and assimilation of CO2 showed that zucchini plants developed more rapidly 

under elevated CO2 and temperature; warmer temperatures accelerated the organ 

development and expansion rate but reduced the duration of growth However, elevated CO2 

did not compensate completely for this negative effect (Fig. 5) (Pugliese et al., 2012b). As a 

consequence, healthy zucchini plants aged rapidly in the presence of high temperatures and 

CO2, had less chlorophyll in second leaves, and produced more and smaller leaves, as well as 

less and smaller fruit. Such effects led to a lower dry weight at the end of the trials (Pugliese 

et al., 2012b). At standard temperatures, elevated CO2 alone did not affect the growth of P. 

xanthii, while, in combination with high temperatures, it stimulated pathogen development. 

These data  suggest that an increase in CO2 per se has no effect on disease development, 

while temperature per se significantly affects pathogen development. At temperatures 

favourable to powdery mildew, elevated CO2 favours powdery mildew growth by increasing 

the sugar supply (Hibberd et al., 1996). It is well known that powdery mildew increases plant 

respiration and reduces the chlorophyll content index and stomatal conductance, thus 

reducing the net photosynthesis and plant weight under all environmental conditions, 

although not always significantly. Increased respiration, due to a more rapid development of 

the pathogen under high temperatures, may explain why infected plants had higher Ci than 

those grown under standard conditions.  

A clear increment in P. xanthii  growth,  fecundity and severity of infection was 

observed with higher temperature-CO2 combination and for a higher CO2 at standard 

temperatures (Table 4). The colony area and the number of hyphal tips, conidiophores and 

conidia per colony were in fact significantly greater at higher temperatures, and the disease 

was never influenced by increased CO2 only (Table 4). 

The chlorophyll content in the leaves of healthy plants significantly decreased at 

higher temperatures with 800 ppm CO2. The average intercellular carbon dioxide (Ci) and 

stomatal conductance (gs) were enhanced by elevated CO2, in both healthy and diseased 

plants, and were stimulated even more at higher temperatures in infected plants (Table 5).  

 

Downy mildews. When the effect of different combinations of environmental 

parameters, with 450 and 800 ppm of CO2 and temperatures ranging from 18 to 26 °C were 

tested on the incidence and severity of Plasmopara viticola on grapevine cvs ‘Barbera’ and 

‘Nebbiolo’, the plants showed a higher chlorophyll content index (CCI) when both 
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temperature and CO2 increased, as well as when only CO2 increased. On the other hand, an 

increase in temperature alone did not affect the chlorophyll content (Pugliese et al., 2010). 

Both cultivars showed an increase in the fluorescence index upon an increase in temperature 

and carbon dioxide. An increase in the carbon dioxide concentration, particularly when 

combined with a temperature increase, led to an increase in downy mildew incidence and 

severity on both cultivars (Pugliese et al., 2010).  

In the case of the downy mildew of basil, incited by Peronospora belbahrii, a double 

level of carbon dioxide (850 ppm) caused significant increases in disease incidence and 

severity at temperatures of 18-26 °C. The increase in CO2 did not determine an increase in 

disease incidence at the highest tested temperatures (26-30 °C), which are not favourable for 

the development of downy mildew. The high CO2 values also caused a decrease in the 

photosynthetic efficiency and in the chlorophyll content index (Gilardi et al., 2016a) (Fig. 1). 

Physiological measurements confirmed that disease development, which causes foliar 

damage in particular,  led to a decrease in the physiological performances. In fact, the non-

inoculated plants showed a photosynthetic efficiency higher than that of inoculated plants, 

and lower CCI values were recorded for 18-22 °C at both CO2 levels and at 22-26 °C for 

higher CO2 conditions (Table 6). The chlorophyll content in the non-inoculated plants was 

not influenced significantly, compared to the inoculated basil plants, except for temperatures 

of 18–22 °C for both CO2 conditions, where higher values were  registered (Table 6). 

 

Rusts. Temperatures between 22 and 30 °C and CO2 levels of 400-450 to 800-850 

ppm were tested in six combinations on two pathostystems: Phaseolus vulgaris/Uromyces 

appendiculatus and Pelargonium zonale/Puccinia pelargonii-zonalis. Temperature, CO2 

levels and their interaction significantly affected disease severity in both pathosystems. A 

high carbon dioxide level significantly increased rust severity, in particular at the lowest 

tested temperatures (14-22 °C), while the highest tested temperatures inhibited rust 

development (Gilardi et al., 2016b) (Fig. 2). 

 

Leaf spots. Most of the causal agents of leaf spots tested in previous studies (Pugliese 

et al., 2012; Gilardi et al, 2017c; Gullino et al., 2017a; Siciliano et al., 2017a) corresponded 

to pathogens that have recently been detected in Italy on new hosts, often for the first time in 

the world, and which are frequently seed transmitted. As already mentioned, their spread has 

often been considered to be at least partially related to  temperature increase. 
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Fusarium equiseti has recently been identified as the causal agent of leaf spots on new 

hosts, e.g.  wild (Diplotaxis tenuifolia) and cultivated (Eruca sativa) rocket, lettuce and 

radish (Gilardi et al., 2017c). When the effect of different temperatures (from 18 to 30 °C) 

and CO2 combinations (400-450 and 800-850 ppm) were tested under controlled environment 

facilities on wild rocket and radish, the temperature and CO2 levels were found to be 

significant factors influencing  disease incidence and severity on both hosts. The combination 

of the two factors significantly affected F. equiseti leaf spot on both hosts (Gullino et al., 

2017a) (Fig. 3). 

 

Alternaria leaf spot. Alternaria japonica, the causal agent of a cultivated rocket leaf 

spot, is favoured by the combination of high temperature and carbon dioxide (Pugliese et al., 

2012 a). In the case of leaf spot caused by Alternaria spp. on cultivated rocket, cabbage and 

cauliflower, the highest levels of carbon dioxide and temperature significantly influenced 

disease incidence, with the highest disease severity at 22-26 °C and 800-850 ppm of CO2 

(Siciliano et al., 2017a). An increase in temperature caused an increase in disease severity for 

lowest carbon dioxide value, while a more limited increase in disease was observed for a high 

temperature and high carbon dioxide level.  

 

Myrothecium roridum and M. verrucaria have recently been reported as the  causal 

agents of leaf spot on a number of new vegetable hosts. M. roridum was found on lamb’s 

lettuce and cultivated rocket, while M. verrucaria was detected on spinach and wild rocket 

(Gilardi et al., 2017c). Temperature, carbon dioxide and their interaction were significant 

factors influencing the severity of M. roridum on cultivated rocket: the disease was more 

severe at temperatures of 26-30 °C for both CO2 values (Bosio et al., 2017) (Fig. 4). 

 

In the case of Allophoma tropica, a pathogen with average temperature requirements, 

temperatures between 22-26 °C were found to be the most favourable for an increase in leaf 

spot incidence and severity, while the disease was lower at higher temperatures (26-30 °C). 

Increases in carbon dioxide significantly increased disease incidence at all  temperatures.  

 

Phoma leaf spot of leaf beet was significantly affected by an increased level of CO2 at 

22-26 °C, with an increase in the percentage of affected leaves, ranging from 44.3% under 
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standard concentration of CO2  (400-450 ppm)  to 50.3% at 800-850 ppm of CO2 (Gilardi et 

al., 2017 b). 

 

Fusarium wilts. In the case of Fusarium wilt of lettuce, caused by Fusarium 

oxysporum f. sp. lactucae, disease severity significantly increased as the temperature 

increased, while doubling the carbon dioxide concentration did not affect disease incidence 

(Ferrocino et al., 2013). The same effect was observed on the level of Fusarium spp. 

population in the soil, while  total bacteria were reduced by high CO2 levels (Table 7).  

Fusarium wilt of cultivated rocket incited by F. oxysporum f. sp. conglutinans, 

increased at high temperature and carbon dioxide levels (Chitarra et al., 2015). Fungal and 

bacterial development was not affected by the different CO2 and temperature levels, but a 

significant decreasing trend was observed from 0 to 120 days. Plate counts of mesophilic 

bacteria (TBC) from infested substrate samples were not affected by the different CO2 and 

temperature levels (Table 8). A significant decreasing trend of fungal and bacterial 

development was observed from 0 up to 120 days.   Control samples showed a trend similar 

to that observed in infested samples. However, the samples taken after 120 days in the 

controlled environment facilities at 800–850 ppm CO2 has a significantly higher bacterial 

population (Table 8). F. oxysporum f. sp. conglutinans plate counts did not show any 

significant decrease from 0 to 120 days. The fungal profiles, evaluated by polymerase chain 

reaction denaturing gradient gel electrophoresis (PCR-DGGE), showed a relationship  of the 

fungal diversity profiles with  temperature and CO2.  Different exudation patterns were 

observed when controls and infected plants were compared, as it was found that both CO2 and 

temperature can influence the release of compounds from the roots of rocket plants (Chitarra 

et al., 2015).  

 

EFFECT OF INCREASED CO2 AND TEMPERATURE ON MYCOTOXIN 

PRODUCTION 

A more indirect effect of climate change is represented by variation in mycotoxin 

production in some hosts. Several studies have considered such aspect for Alternaria spp. on 

cabbage, cauliflower and rocket, Myrothecium verrucaria on spinach and Myrothecium 

roridum on cultivated rocket (Table 9).  

In the case of Alternaria spp., the impact of increased temperature and carbon dioxide 

values on mycotoxin production was different: in some cases, such changes induced the 
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production of mycotoxins, while in other cases mycotoxin production was reduced. The 

temperature, host plants and fungal strains are the main variables that were taken into 

account: temperature increases affected leaf spot severity, while the host plant and fungal 

strains were the most important factors for mycotoxin production. Tenuazomic acid was the 

most frequently produced mycotoxin (Fig. 6) (Siciliano et al., 2017a).  

As far as spinach is concerned, with the leaf spot caused by Myrothecium verrucaria 

being more severe at high temperatures and at high temperature and carbon dioxide levels, 

the biosynthesis of verrucarin A was increased at the highest tested temperature (35 °C), 

while roridin E was influenced by the rise in carbon dioxide (Fig. 7) (Siciliano et al., 2017b).  

In the case of the leaf spot of cultivate rocket caused by Myrothecium roridum, under 

eight different temperature and CO2 concentration combinations (from 14-18 °C to 26-30 °C 

and  400-450 or 800-850 ppm of CO2), disease severity increased with high temperatures for 

both CO2 levels. Mycotoxins verrucarin A and roridin E were produced under all the tested 

temperatures under high CO2 conditions. The maximum level of verrucarin A was found at 

14-18 °C and 800-850 ppm of CO2, and the maximum roridin E production was detected at 

26-30 °C with 800-850 ppm of CO2 (Fig. 8) (Bosio et al., 2017). 

 

EFFECT OF INCREASED CO2 AND TEMPERATURE ON DISEASE 

MANAGEMENT PRACTICES 

Although many authors have suggested that climate change will also affect disease 

management, this aspect has only started to be investigated recently, and is still rarely 

considered.  

 For instance, in the case of grape powdery mildew an increase in CO2 does not 

influence disease incidence (Pugliese et al., 2010), probably due to the augmented 

photosynthetic activity of the plants. In the long term, increased levels of CO2, caused by 

increases in the global temperature and longer seasons (Coakley et al., 1999; Garrett et al., 

2006), will allow more time for pathogen development, and this will in turn favour pathogen 

survival, and indirectly lead to an increase in powdery mildew incidence. Consequently, the 

timing and frequency of treatments should be adjusted, leading to an increase in disease 

management costs (Pugliese et al., 2010), as it was estimated by Salinari et al. (2007) for 

grape downy mildew.  

Another important aspect that needs to be taken into consideration is the possible 

effect of an increase in temperature and carbon dioxide on the efficacy of applied control 
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measures (pesticides, biocontrol agents). Specific experiments have made it possible to 

evaluate, although only for short cycles, the effect of an increase in temperature and CO2 on 

the activity of fungicides and biocontrol agents used against the powdery mildew of zucchini 

and Phoma betae of leaf beet. Among the products tested against powdery mildew, 

azoxystrobin and the biocontrol agent Ampelomyces quisqualis were found to be the most 

effective at high CO2 and temperature conditions. The efficacy of mancozeb and 

azoxystrobin against Phoma leaf spot was significantly improved, by 15.3% and 20.6%, 

respectively, at 800-850 ppm of CO2. Penconazole and sulphur were equally effective in 

controlling zucchini powdery mildew under standard and increased carbon dioxide and 

temperature values (Gilardi et al., 2017a).  

 

RELEVANCE OF RESULTS OBTAINED UNDER CONTROLLED ENVIRONMENT 

FACILITIES  

Climate change is a very complex phenomenon that affects the entire biosphere. 

Although changes have been predicted at all biosphere levels, and stochastic or deterministic 

models help understand the possible effects on plants and their pests, only a few studies have 

taken into  consideration the effect of more than one environmental parameter at a time.  

The different studies reviewed, carried out in controlled environment facilities, have 

permitted the effect of the two most important environmental parameters, i.e. temperature and 

carbon dioxide, to be evaluated, although only for relatively short periods, on several 

pathosystems, including horticultural crops as well as pathogens that were not investigated 

very often in the past.  

The results obtained from studies on the same pathogen but on different hosts (i.e. 

Fusarium equiseti on radish and wild rocket, Alternaria spp. on cultivated rocket, cabbage 

and cauliflower), and the reaction of different pathogens of the same host to climate change 

(i.e. Uncinula necatrix and Plasmopara viticola on grapevine; Myrothecium roridum, 

Alternaria and Fusarium oxysporum conglutinans on cultivated rocket; Peronospora 

belbharii and Colletotrichum gloeospoiroides on basil; Allophoma tropica and Fusarium 

oxysporum f. sp. lactucae on lettuce; Fusariun equiseti and Alternaria sp. on wild rocket) are 

of particular interest. 

Fusarium equiseti, the causal agent of the leaf spots that have recently been reported 

on many new hosts (Gilardi et al., 2017a), is a good example of a fungus which, despite 

having been considered a weak pathogen in the past, has recently become more serious and 
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invasive, thus representing a serious threat to new hosts. The studies reviewed clearly 

indicate that climate change can affect the phytosanitary situation of many crops, and can 

lead to a quick spread of such a pathogen on crops that are often grown in succession. Seed 

transmission of the pathogen also plays a role in such a spread (Gilardi et al., 2017c).  

Alternaria can colonize a wide variety of plants and can also produce mycotoxins and 

metabolites that are dangerous to humans and animals. This genus is expected to be 

positively stimulated by increasing CO2 and temperatures, as climate change can significantly 

increase its severity to vegetable crops (Pugliese et al., 2012a; Siciliano et al., 2017a). 

Furthermore, tenuazonic acid,  an important mycotoxin,  was found to be the most frequently 

produced mycotoxin under a simulated climate change scenario (Siciliano et al., 2017a).  

The effects of climate change on different pathogens of grapevine, basil and rocket 

have been studied. In the case of grapevine, the experiments carried out in controlled 

environment facilities indicated that although an increase in carbon dioxide did not influence 

the incidence of powdery mildew, it did increase downy mildew incidence, probably due to 

an increase in stomata and photosynthetic activity (Pugliese et al., 2011). Such observations 

on controlled environment facilities are in agreement with future scenarios that have been 

built through modelling (Salinari et al., 2006), which have predicted an earlier development 

of downy mildew symptoms and the need for at least one more treatment against downy 

mildew per season (Salinari et al., 2007).  

Rusts are expected to be susceptible to climate change. Since several rusts are more 

dependent on humidity during the initial infection stage, shifts in humidity levels caused by 

climate change will probably affect their development (Dixon et al., 2010). Most of the 

research on the effects of climate change on rusts has dealt with cereal rust. The results on 

bean and pelargonium obtained with Uromyces appendiculatus and Puccinia pelargonii-

zonalis are in agreement with those reported by other authors (Chakraborty et al., 2011), and 

can probably be explained considering an increase in production of plant biomass under high 

CO2 values. However these two rusts, compared to cereal rust, will probably be affected 

negatively by global warming as they are resistant   to high temperatures andthey could be 

more severe in cooler areas. 

As far as foliar pathogens are concerned, the measurement of the photosynthetic 

efficiency and the relative amount of chlorophyll in the leaves  is a rapid and effective way of 

establishing the health status of the plants under study, as well as the status of their 

photosynthesis.  
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There is a great deal of knowledge about the potential impacts of climate change on 

foliar diseases, while research on its effect on soil-borne plant pathogens, even in relation to 

the role of soil microbes in promoting plant health and productivity, is missing (French et al., 

2009; Singh et al., 2010; Pautasso et al., 2012). Apart from the effects on microbial 

processes, climate change may also influence the survival of pathogens in soil, the host 

physiology and resistance, as well as the host-pathogen interactions (French et al., 2009).  

Work carried out on two pathosystems (Ferrocino et al., 2013; Chitarra et al., 2015) has 

indicated a positive impact of increasing temperatures on diseases but no impact of rising 

CO2 levels, which are generally already high in soil,  compared with  the atmosphere. 

Siciliano et al. (2017a, 2017b) and Bosio et al. (2017) acquired additional information 

on the potential climate change effects on mycotoxigenic fungi and on the possible 

mycotoxin contamination of crops different from those that had previously been investigated 

(Magan et al., 2011; Medina et al., 2015). 

CO2 concentration and  temperature influence disease severity and mycotoxin 

production in different ways (Siciliano et al., 2017b; Bosio et al., 2017). The results obtained 

with the studies on Alternaria toxins on rocket, cabbage and cauliflower (Siciliano et al., 

2017a) add more information to the work done modelling the effect of the same pathogen, in 

terms of mycotoxin production on tomato (Van der Fels-Klers et al., 2016). An increase in 

temperature, which favours pathogen attacks,  could favour the spread of M. roridum in 

temperate regions, a pathogen that  could acquire  an even greater importance in the future, 

considering its ability to produce mycotoxins.  

As far as the effects of climate change on disease management are concerned, it is 

well known that fungicidal activity can be affected by environmental parameters, such as 

temperature, relative humidity, CO2, rainfall and, in the case of soil applications, the soil 

properties and water content. Such effects can be observed, in addition to the effects of 

climate change, on pathogen development and on disease progress. On two pathosystems 

(Gilardi et al., 2017b), some of the tested fungicides (namely mancozeb and azoxystrobin), as 

well as the biocontrol agent Ampelomyces quisqualis, were positively affected under a 

climate change scenario, in terms of increased efficacy, while penconazole and mancozeb 

were found to be equally effective (Gilardi et al., 2017b).  

Most studies have taken into consideration foliar pathogens. Soil is indeed a very 

complex ecosystem. It undergoes many biological processes and can be affected by 

environmental parameters, with consequences on plant and root  growth, and canopy 
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architecture (Pritchard, 2011; Pangga et al., 2011) as well as on beneficial and pathogenic 

microorganisms (Newton et al., 2010). Only a few studies that have been carried out on the 

effects of climate change in the soil have taken into account soil-inhabiting microorganisms. 

French et al. (2009) showed that a perturbation of the soil environment could lead to 

community shifts and altered metabolic activity in the microorganisms involved in soil 

nutrient cycling, as well as to increasing or decreasing survival and virulence of soil-borne 

pathogens. Alterations in CO2 concentration and temperature may affect soil respiration and 

soil carbon dynamics, as well as the structure of the microbial community. Climate change 

can also influence microbial-mediated processes, which play an important role in the nitrogen 

cycle. Moreover, climate change can increase horizontal gene transfer, with possible 

evolutionary changes in the populations of soil-borne pathogens, including the spread of 

virulence factors and genes that help their survival (French et al., 2009).  

By considering Fusarium head blight, caused by Fusarium graminearum and F. 

culmorum, as a case study to evaluate the effects of climate change on the production and 

quality of wheat, Chakraborty and Newton (2011) showed the link between climate change, 

disease severity and food security, and also highlighted the need to address disease 

management from a changing situation perspective. Although the severity and toxigenicity of 

the disease can be expected to increase as a result of climate change, mostly in relation to a 

combination of rainfall and temperature, this will not be enough to produce more frequent 

epidemics of Fusarium head blight. 

Another case study (Roy et al., 2017) related to Microcyclus ulei, the most serious 

threat to the natural rubber industry throughout the world, suggests how this pathogen, 

currently restricted to South America, may become a serious threat to the global rubber 

production if introduced into Asia and Africa,  thanks to the warm humid climatic conditions 

of the regions in which rubber trees are cultivated. The study also highlights the need for 

more information on pathogen biology, diversity and environmental tolerance. 

 

CONCLUSIONS  

The role of climate in the development and severity of plant diseases has been known 

for more than 2,000 years. The ancient Greeks (370-286 BC), for instance, observed that 

cereals grew better and healthier at higher altitudes (Ghini et al., 2008). However, because of 

the complex, nonlinear relationships between a plant and its environment, with many factors 

playing a role, assessing the effect of climate change on plants and agriculture is very 



16 

 

complicated. In fact, when observing the response of a pathogen to the climate, ignoring the 

changes that occur in the host can lead to an erroneous interpretation. Increased CO2 values in 

the atmosphere increase leaf waxes, and thus affect the physical resistance of plants to some 

pathogens. The effect of increased CO2 on the architecture of a plant may cause increased 

humidity within the canopy, thus favouring those pathogens that need a film of water to infect 

the plant, and can also favour the survival of some pathogens (Chakraborty and Data, 2003). 

Increased CO2, which favours photosynthesis, increases the biomass of plants, and this 

facilitates their colonization by  pathogens.  

Empirical research has been reviewed on the effects of climate change on crops 

conducted under controlled environment facilities, which had been neglected until recently. 

Most of the studies have in fact been carried out on field crops, such as wheat, rice, soybean 

and potato, or on oil crops and forest trees, using existing data on the influence of 

environmental factors (mainly temperature) to project the potential impacts on such crops. 

Very few studies have been carried out in which the effect of increasing temperature was 

combined with rising CO2 levels.  

The limits of the studies carried out in controlled environment facilities are mostly 

due to the short-term duration of the experiments. For instance, in the case of the powdery 

mildew of grapevine, the studies carried out indicate that high levels of CO2 do not increase 

powdery mildew incidence, probably due to the augmented photosynthetic activity of the 

plants under high carbon dioxide. In the long term, the rising concentrations of CO2 and other 

greenhouse gases, which will lead to an increase in global temperature and longer seasons, 

will allow more time for pathogen evolution, could favour their survival, and could thus 

indirectly affect powdery mildew severity (Pugliese et al., 2010). Short-term experiments 

surely suffer from some limitations. However, the limitations due to the short duration of the 

experiments under controlled environment facilities are counterbalanced by the possibility of 

evaluating the interactions between different environmental parameters, which cannot be 

studied under FACE or in open topped chambers. The dimensions of the chambers used in all 

studies reviewed have made it possible to carry out relatively long-term research on plants 

that can be maintained under different simulated future scenarios for relatively long periods 

(Gullino et al., 2011). Studies under controlled environment facilities are clearly useful to 

indicate a tendency, as also shown by the sometimes unexpected results obtained in some 

pathosystems. More and better data will make predictions more accurate and reliable (Shaw 

and Osborne, 2011).   
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The different works carried out on vegetable crops help to improve our understanding 

of the climate change impact on different pathogens, and thus to develop adaptation options 

in a field where the breeding industry can invest resources to find solutions that are able to 

counteract  the negative effects of climate change. Strategies to establish greater resilience in 

agricultural crops should introduce more genetic variability, both within and between 

cultivars, in order to provide a broader genetic basis of resistance to both abiotic and biotic 

stresses. The results obtained in this type of studies point out the need for the breeding 

industry to focus on polygenic resistance targeting  a broad range of pathogens and pests, 

with a robust expression under a wide range of temperature and CO2 conditions.  

Necrotrophic pathogens, which have a broad host range and do not follow the gene-

for-gene specificity when host resistance is available, generally rely on multiple defence 

mechanisms. The ability of necrotrophs to grow as saprotrophs is favoured under climate 

change conditions, thanks to an increased biomass of the crops and alternative hosts, with a 

consequent increase in the production of inoculum. In order to be effective, polygenic 

resistance should be combined with other management strategies, such as agronomic 

practices. 

Knowledge on pathogen biology and epidemiology is fundamental, if the expected 

change in the geographic distribution of crops are taken into account in order to manage 

necrotrophs.  

Although many data on foliar diseases are available, more research is needed on soil-

borne pathogens. As shown by French et al. (2009), the complex interactions among 

chemical, biological and physical factors that occur in soil require an intense research effort 

in order to obtain a better understanding of how climate change will influence pathogens, 

which are very difficult to manage (Katan, 2017). Whether the shift towards fungal 

prevalence in soils will increase the importance of soil-borne diseases in warmer and wetter 

soils needs to be investigated more in depth, since many factors interact. Plant heat and 

drought tolerance, together with resistance to pathogens in warmer and wetter soils, may be 

achieved by managing the beneficial soil organisms (Pritchard, 2011). Previous studies 

(Ferrocino et al., 2013; Chitarra et al., 2015; Gilardi et al., 2017c; Gullino et al., 2017a) were 

focused on specific pathogens, like Fusarium, but also took into consideration the soil 

microbial  abundance, enzymatic assays and the variability of fungal profiles by means of 

PCR-DGGE. Disease severity was found to be influenced directly much more by increasing 

temperatures, and, in accordance with other publications, increase in CO2 concentration had 
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limited effects on microbial development in soil and on enzyme activities. Moreover, species 

diversity was not influenced by elevated CO2 or temperature levels (Ferrocino et al., 2013). 

Increased disease incidence was correlated to an increased evapotranspiration, rather than to 

an increased population of the pathogens in the soil. The negative effect of climate change 

will affect not only agricultural systems but also food security, with impacts on mycotoxin 

production. In general, change is expected to increase mycotoxin contamination in many 

crops (Marroquin-Cardona et al., 2014; Medina et al., 2014). Our work has introduced more 

evidence on the effects of climate change on some less investigated mycotoxins. Specific 

studies are needed in order to understand the behaviour of the different mycotoxins, and 

quantitative approach modelling is important to draw up a better scenario (Van der Fels-

Klerx et al., 2016).  

Research in this field needs the contribution of researchers from many disciplines as 

well as different approaches. A major constraint to the reliable prediction of the effects of 

increases of the different factors on plants and their diseases is the lack of information 

available on the interactions among these factors and on their effects.  

In the future, it will be useful to perform more research in order to understand the 

effects of climate change on disease management, in particular by studying the impact of 

changed environmental parameters on biocontrol agents and on resistance inducers. It is in 

fact possible that warmer temperatures will favour the successful application of  biocontrol 

agents (Pautasso et al., 2012). Accordingly, Gilardi et al. (2017b) showed that the efficacy of 

Ampelomyces quisqualis against zucchini powdery mildew was found to be improved under 

higher temperature and CO2 conditions. 

The obtained results provide immediate assistance to the public and private breeding 

sector and help stakeholders to find solutions to confront possible future scenarios. While 

crops move towards adaptation to climate change, breeding targets change with changing 

pathogen spectra, disease dynamics and relative economic values (Ortiz et al., 2008). 

Moreover, the results obtained from working on a number of horticultural crops that are 

typical of Mediterranean agriculture may be useful for agricultural planning at a regional 

scale, and to help growers in the short-medium term to make the right crop choice, while 

anticipating future trends and the risks of plant diseases.  
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Table 1. The main environmental parameters monitored inside the controlled environment 

facilities (phytotrons), their variation range and the maximum rate of change (from Gullino et 

al., 2011). 

 

Parameter Variation range 

Air temperature 8 to 40°C 

Relative humidity 18 to 90% 

Photosynthetically active 

radiation (P.A.R.) 

0 to 1,200 µmol m
2
s

-1
 

CO2 concentration 

Light 

400 to 2,000 ppm 

0-1200 µmol m
-2

 s
-1 

 

 

 

 

 

 

 

 

 

 

Table 2. Summary of the trials carried out under controlled environment facilities with 

different pathosystems. 

Host 

(environmental 

conditions tested) 

Pathogen (disease 

and type) 

Influence on diseases of 

 

Overall effect on 

disease 

References 

Temperature  CO2 

Grapevine 

(450-850 ppm 

CO2; 18 to 30°C) 

Uncinula necatrix 

(powdery mildew, 

biotroph) 

Increase for 

high T 

No effect for high 

levels  

Increase Pugliese et al., 

2010, 2011  

Zucchini 

(450-800 ppm 

CO2; 18 to 28°C) 

 

Podosphaera 

xanthii 

(powdery mildew, 

biotroph) 

Increase for 

high T 

No effect for high 

levels  

Increase, positive 

interaction between 

high T and CO2 

Pugliese et al., 

2012b; 

 

Grapevine 

(450-800 ppm 

CO2; 20 to 26°C) 

Plasmopara 

viticola (downy 

mildew, biotroph) 

Increase for 

high T 

Increase for high 

levels  

Increase, positive 

interaction between 

high T and CO2 

Gullino et al., 

2011  

Basil Peronospora Decrease at Increase for high positive interaction Gilardi et al., 
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(400-450-800-850 

ppm CO2; 18 to 

30°C) 

belbharii (downy 

mildew, biotroph) 

26-30°C levels  between T and CO2 2016a 

Bean 

(400-450 and 

800-850 ppm 

CO2; 18 to 30°C)  

Uromyces 

appendiculatus 

(rust, biotroph) 

Decrease at 

26-30°C 

Increase for high 

levels  

Increase, with 

positive interaction 

between T and CO2 

Gilardi et al., 

2016b 

Pelargonium 

(400-450 and 

800-850 ppm 

CO2; 14 to 30°C) 

Puccinia pelargonii 

(rust, biotroph) 

Decrease at 

22-30°C 

Increase for high 

levels  

Increase, with 

positive interaction 

between T and CO2 

Gilardi et al., 

2016b 

Radish 

(400-450 and 

800-850 ppm 

CO2; 14 to 30°C) 

 Fusarium equiseti 

(leaf spot, 

necrotroph) 

Increase for  

high T 

Increase for high 

levels  

Increase, with 

positive interaction 

between T and CO2 

Gullino et al., 

2017a 

Wild rocket 

(400-450 and 

800-850 ppm 

CO2; 14 to 30°C) 

Fusariun equiseti 

(leaf spot, 

necrotroph) 

Increase for  

high T 

Increase for high 

levels  

Increase, with 

positive interaction 

between T and CO2 

Gullino et al., 

2017a 

Spinach (400-450 

and 800-850 ppm 

CO2; 14 to 30°C) 

Myrothecium 

verrucaria (leaf 

spot, necrotroph)  

Increase for  

high T 

No effect Increase, with 

positive interaction 

between T and CO2 

Siciliano et 

al., 2017b 

Cultivated rocket 

(400-450 and 

800-850 ppm 

CO2; 14 to 30°C) 

Myrothecium 

roridum (leaf spot, 

necrotroph) 

Increase for 

high T 

No effect Increase, with 

positive interaction 

between T and CO2 

Bosio et al., 

2017 

Cultivated rocket 

(400-450 and 

800-850 ppm 

CO2; 14 to 26°C) 

Alternaria sp. 

Leaf spot, 

necrotroph) 

Increase for 

high T 

No effect No interaction  Siciliano et 

al., 2017a 

Cabbage (400-

450 and 800-850 

ppm CO2; 14 to 

26°C) 

 

Alternaria sp. (leaf 

spot, necrotroph) 

Increase for 

average 

temperature 

No effect  Positive interaction of 

high T and high CO2 

Siciliano et 

al., 2017a 

Cauliflower (400-

450 and 800-850 

ppm CO2; 14 to 

26°C) 

Alternaria sp. (leaf 

spot, necrotroph) 

Increase for 

average 

temperature 

No effect No interaction Siciliano et 

al., 2017a 

Leaf beet (400- Phoma betae (leaf Decrease at Increase for high Increase, with Gilardi et al., 
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450 and 800-850 

ppm CO2; 18 to 

30°C) 

spot, necrotroph) 26-30°C levels  positive interaction 

between T and CO2 

2017b 

Lettuce (400-450 

and 800-850 ppm 

CO2; 14 to 26°C) 

Allophoma tropica 

(leaf spot, 

necrotroph) 

Increase at 

22-26°C, 

decrease at 

26-30°C  

Increase at 22-

26°C  

Increase, with 

positive interaction 

between T and CO2 at 

22.26°C 

Gullino et al., 

2017b 

Basil 

(400-450 and 

800-850 ppm 

CO2; 18 to 26°C) 

Colletotrichum 

gloeospoiroides 

(black spot, 

necrotroph) 

Increase for 

high T 

Increase for high 

levels  

Increase, positive 

interaction between 

high T and CO2 

Pugliese et al., 

2012a 

Wild rocket 

(400-450 and 

800-850 ppm 

CO2; 18 to 26°C) 

Alternaria sp. 

(leaf spot, 

necrotroph) 

Increase for 

high T 

Increase for high 

levels  

Increase Pugliese et al., 

2012a 

Lettuce 

(400-450 and 

800-850 ppm 

CO2; 18 to 26°C) 

 

Fusarium 

oxysporum f. sp. 

lactucae (Fusarium 

wilt, necrotroph) 

Increase for 

high T 

No effect  Increase, positive 

interaction between 

high T and CO2 

Ferrocino et 

al., 2013 

Cultivated rocket 

(400-450 and 

800-850 ppm 

CO2; 18 to 30°C) 

Fusarium 

oxysporum 

conglutinans 

(Fusarium wilt, 

necrotroph) 

Increase for 

high T 

Increase for high 

levels  

Increase, positive 

interaction between 

high T and CO2 

Chitarra et al., 

2015 

 

 

Table 3. Average chlorophyll content index (CCI), fluorescence index (FI), and disease 

incidence and severity of Moscato and Barbera cv. grapevine artificially inoculated with 

powdery mildew (Erysiphe necatrix) (Pugliese et al., 2010). 

 

Temperature 

(°C) 

CO2 

(ppm) 

CCI FI Disease incidence Disease severity 

Moscato Barbera Moscato Barbera Moscato Barbera Moscato Barbera 

22÷26 450 14.5 b
*
 13.7 a 34.4 a 54.0 a 15.5 a 17.2 a 2.6 a 2.4 a 

22÷26 800 19.1 a 16.9 a 60.7 b 65.0 ab 12.2 a 18.2 a 1.7 a 2.1 a 

26÷30 450 19.2 a 16.6 a 56.6 b 66.6 ab 13.3 a 16.2 a 1.5 a 1.7 a 

26÷30 800 15.9 ab 17.1 a 55.5 b 89.9 b 16.1 a 12.0 a 1.8 a 1.8 a 

*
Means with the same letter in the same column are not significantly different at P =0.05 (Tukey’s test). 
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Table 4. Mean pathogen parameters and disease indexes for powdery mildew (Podosphaera 

xanthii) on zucchini plants grown under different temperature and CO2 regimes. Data 

expressed as means ± SE (n≥5) (Pugliese et al., 2012b). 

 

Temperature (°C) CO2 (ppm) 
Colony area 

(mm
2
) 

Hyphal tips 

(number/colony) 

Conidiophores 

(number/colony) 

Spores/colony 

(number) 

Disease Index 

(0-7) 

18-24 450 0.35±0.033 a
*
 10.3±0.83 a  0.4±0.35 a 5315±840 a 2.8±0.33 a 

18-24 800 0.31±0.031 a  9.5±0.71 a  2.0±0.89 a 4199±645 a 2.9±0.35 a 

22-28 450 0.52±0.058 b  13.4±0.69 b  4.1±0.37 b 8491±684 b 3.4±0.41 ab 

22-28 800 0.68±0.133 b  17.3±1.81 c  11.4±2.27 c 9871±721 b 4.0±0.36 b 

*
Means with the same letter in the same column are not significantly different at P = 0.05 (Tukey’s test). 
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Table 5. Mean chlorophyll content indices (CCI), intercellular carbon dioxide (Ci) and 

stomatal conductance (Gs) in 2nd leaves of zucchini plants grown in different temperature 

and CO2 regimes. Data are shown as means ± SE (n ≥5). Average results of five trials 

(Pugliese et al., 2012b). 

  

*
Means with the same letter in the same column are not significantly different at P=0.05 (Tukey’s test). 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Temperature 

(°C) 

CO2 

(ppm) 

CCI, 10 dai Ci (ppm), 10 dai Gs (mmol m
-2

 s
-1

), 10 dai 

healthy infected healthy infected Healthy infected 

18-24 450 
23.7±1.27 a* 20.3±1.06 

a 
365.8±22.04 b 

341±10.59 

d 
0.19±0.042 b 0.16±0.042 ab 

18-24 800 
25.5±1.30 a 20.2±1.62 

a 
594.6±32.43 a 

513±20.28 

b 
0.28±0.037 a 0.26±0.054 a 

22-28 450 
24.9±1.53 a 12.9±1.89 

b 
353.7±7.88 b 420±4.61 c 0.20±0.016 b 0.17±0.031 ab 

22-28 800 
19.4±1.55 b 9.7±1.74 b 

595.4±8.14 a 
604±23.38 

a 
0.16±0.028 b 0.13±0.032 b 
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Table 6. Chlorophyll Content Index (CCI. °SPAD) and Photosynthetic efficiency (PI. Absorbance, ABS) of plants inoculated and not inoculated 

with Peronospora belbahrii, causal agent of basil downy mildew, following incubation in controlled environment facilities (phytotrons). Data are 

shown as the means of three trials ± SE (Gilardi et al., 2016a). 

 

Trial conditions CCI 

(°SPAD± SD) 

Days of 

placing  

in phytotrons 

Phytotron at 18-22°C with CO2 at Phytotron at 22–26°C with CO2 at Phytotron at 26–30°C with CO2 at 

 400-450 ppm 800-850 ppm 400-450 ppm 800-850 ppm 400-450 ppm 800-850 ppm 

Before transfer of basil 

into phytotron on  

11-17 day old plants 

0 7.3± 0.8 a-h* 7.3± 0.8 a-h  7.3± 0.8 a-h  7.3± 0.8 a-h  7.3± 0.8 a-h  7.3± 0.8 a-k 

Inoculated  8 10.0

± 

2.8 c-k 6.9± 4.4 a-f  7.0± 2.7 a-g  9.5± 1.4 b-l  8.0± 3.9 a-i  9.1± 0.8 b-k 

 16 6.0± 5.0 a-d 12.7

± 

2.4 h-l  8.5± 5.0 a-j  13.7

± 

2.6 j-l  12.9

± 

1.4 h-l  13.3

± 

1.0 i-l 

 End of 

experiment 4.7± 1.5 a-c 4.3± 0.6 ab  

13.0

± 2.4 i-l  3.6± 3.2 a  6.3± 0.9 a-e  

11.9

± 2.6 e-k 

                        

Non-inoculated  

 Control 

8 9.7± 4.1 b-k 12.6

± 

2.1 g-l  7.9± 4.2 a-i  9.6± 2.4 b-k  9.8± 1.4 b-k  9.4± 0.5 b-k 

 16 17.5

± 

2.1 l 14.5

± 

2.7 kl  10.8

± 

1.5 d-k  12.9

± 

0.8 h-l  11.5

± 

0.9 d-k  14.6

± 

3.0 kl 

  

End of 

experiment 

10.9

± 1.7 d-k 

11.7

± 7.5 e-k  

12.1

± 2.5 f-l  7.7± 0.9 a-i  6.4± 1.7 a-e  

10.9

± 1.1 c-k 

Trial condition PI (ABS ± 

SD) 

Days of 

placing 

in phytotrons 

Phytotron at 18-22°C with CO2 at Phytotron at 22–26°C with CO2 at Phytotron at 26–30°C with CO2 at 

400-450 ppm 800-850 ppm 400-450 ppm 800-850 ppm 400-450 ppm 800-850 ppm 

Before transfer of basil 

into phytotron on  

11-17 day old plants 

0 28.4

± 

7.6 d-i 28.4 

± 

7.6 d-i  28.4

± 

7.6 d-i  28.4

± 

7.6 d-i  28.4

± 

7.6 d-i  28.4

± 

7.6 d-i 

Inoculated 8 31.7

± 

15.

6 

d-i 39.7 

± 

7.8 ij  37.9

± 

5.8 g-j  32.7

± 

12.

7 

d-j  28.2

± 

8.6 d-i  22.6

± 

5.9 b-g 

 16 30.9

± 

15.

4 

d-i 26.4 

± 

16.

7 

c-i  31.4

± 

3.1 d-i  29.1

± 

10.

0 

d-i  40.6

± 

3.9 ij  19.2

± 

15.

8 

b-e 
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 End of 

experiment 

12.0

± 

2.3 a-c 9.0 ± 8.8 ab  28.1

± 

4.9 d-i  3.4± 2.5 a  40.0

± 

7.1 ij  18.5

± 

11.

1 

b-d 

                        

Non-inoculated 

 

HealtyControl 

8 37.1

± 

2.7 g-j 33.0 

± 

6.1 d-j  35.9

± 

5.5 f-j  40.5

± 

13.

8 

ij  28.7

± 

8.7 d-i  23.3

± 

4.6 b-h 

 16 35.0

± 

16.

2 

e-j 47.7 

± 

11.

5 

jk  36.9

± 

9.6 f-j  34.7

± 

6.0 e-j  41.7

± 

5.1 ij  41.5

± 

13.

5 

ij 

  End of 

experiment 

29.4

± 

4.0 d-i 39.0 

± 

27.

7 

h-j  40.1

± 

15.

5 

hi  21.1

± 

12.

7 

b-f  57.3

± 

24.

6 

k  28.9

± 

9.9 d-i 

*
Means with the same letter in the same column are not significantly different at P = 0.05 (Tukey’s test). 
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Table 7. Total bacterial counts (TBC) of mesophilic bacteria and Total microbial activity (FDA) in soil infested with F. oxysporum f.sp. lactucae, 

causal agent of Fusarium wilt, and control substrate samples following incubation in controlled environment facilities (phytotrons) for 28 days. Data 

are expressed as the mean Log counts of three replicates (Ferrocino et al., 2013). 

  
* 
Log CFU g

-1
 ± SD 

b
µg FDA h

-1
 g

-1 

 Sampling 

day 

1 

(800 ppm CO2 

22-26°C) 

2 

(800 ppm CO2 

18-22°C) 

3 

(400 ppm CO2 

22-26°C) 

4 

(400 ppm CO2 

18-22°C) 

1 

(800 ppm CO2 

22-26°C) 

2 

(800 ppm 

CO2 18-22°C) 

3 

(400 ppm CO2 

22-26°C) 

4 

(400 ppm 

CO2 18-22°C) 

Infected 

 samples 

7 
6.84 ± 0.58 

aA*
 6.94 ± 0.33

 aA
 7.12 ± 0.27

aA
 6.82 ± 0.19

 aA
 9.31 ± 3.44

 aA
 7.42 ± 0.00

a A
 10.67 ± 1.23

aA
 

13.59± 0.67
 

aB
 

14 
7.15 ± 0.50

 abA
 7.49 ± 0.34

 bB
 7.21 ± 0.37

 aAB
 7.44 ± 0.32

bB
 4.13 ± 0.56

 aA
 

13.79 ± 

0.78
aAB

 
25.72 ± 0.06

bB
 

26.75 ± 3.28
 

bB
 

21 
7.44 ± 0.73

 bAB
 7.07 ± 0.47

aA
 7.12 ± 0.66

 aA
 7.64 ± 0.64

 bB
 5.12 ± 7.56

 aA
 

22.53 ± 

0.56
bAB

 
34.10 ± 4.56

 bB
 

17.70 ± 0.78
 

aAB
 

28 
7.20 ± 0.43

 abA
 7.19 ± 0.33

abA
 7.86 ± 0.31

bB
 7.60 ± 0.06

 bB
 6.14 ± 3.17

 aA
 

20.87 ± 4.39
 

bAB
 

56.03 ± 0.44
cC

 
56.20 ± 5.00

 

cC
 

         

Control 

7 

6.93 ± 0.47
 aAB

 6.81 ±0.27
 aA

 7.27±0.13
 aC

 7.20±0.36
 aBC

 
12.44 ± 0.13

 bA
 

14.89 ± 0.00
 

abA
 

15.13 ± 2.65
 aA

 
23.13 ± 0.22

 

aAB
 

14 

7.36 ± 0.60
 aA

 7.48 ±0.37
 bA

 7.36±0.53
 abA

 7.39±0.27
 aA

 
3.27 ± 7.83

 aA
 

23.46 ± 0.61
 

bB
 

18.65 ± 4.11
 aAB

 
23.74 ± 0.17

 

aB
 

21 

7.47 ± 0.77
aA

 7.49 ±0.90
 bA

 7.58±0.59
 abA

 7.40±0.45
 aA

 
4.11 ± 4.56

 aA
 6.64 ± 2.83

 aA
 18.45 ± 4.11

 aAB
 

24.45 ± 6.44
 

aB
 

28 

7.55 ± 0.72
 aA

 7.59±0.74
 bA

 7.81±0.46
 bA

 7.48±0.47
 aA

 
1.39 ± 3.06

 aA
 

6.93 ± 0.28
 

aAB
 

19.33 ± 10.11
aC

 
16.49 ± 0.78

 

aC
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*Values with different superscripts (lowercase letters) in the same column differ significantly (P<0.05).Values with different superscripts (uppercase letters) in the same row 

differ significantly (P<0.05) 
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Table 8. Total bacterial counts (TBC) of mesophilic bacteria from infested samples in soil infested with F. oxysporum f.sp. conglutinans and control 

substrate samples following incubation in controlled environment facilities (phytotrons) for 120 days. Mean values with the same letter are not 

significantly different at P≤0.05 (Tukey’s Test) (Chitarra et al., 2015). 

 

 Sampling 

day 

Phytotron (Log CFU g
-1 

± SD
a
) 

1 2 3 4 5 6 

(400-450 ppm CO2 

18-22°C) 

(800-850 ppm CO2 

18-22°C) 

(400-450 ppm CO2 

22-26°C) 

(800-850 ppm CO2 

22-26°C) 

(400-450 ppm CO2 

26-30°C) 

(800-850 ppm CO2 

26-30°C) 

Infected 

samples 

0 7.38 ± 0.07 e 7.08 ± 0.11 c-e 7.19 ± 0.02 de 6.86 ± 0.03 b-e 7.05 ± 0.02 c-e 7.09 ± 0.02 c-e 

60 6.36 ± 0.10 ab 7.01 ± 0.05 c-e 6.80 ± 0.17 a-d 6.77 ± 0.07 a-d 6.56 ± 0.17 a-c 6.32 ± 0.28 ab 

120 6.45 ± 0.35 ab 6.43 ± 0.13 ab 6.54 ± 0.09 a-c 6.30 ± 0.52 a 6.34 ± 0.09 ab 6.26 ± 0.10 a 

Controls 0 7.15 ± 0.08 c-e 7.39 ± 0.09 de 7.60 ± 0.02 e 7.19 ± 0.11 c-e 7.46 ± 0.02 de 7.22 ± 0.04 c-e 

60 6.40 ± 0.35 a 7.19 ± 0.18 c-e 6.62 ± 0.28 ab 7.13 ± 0.09 cd 6.91 ± 0.28 bc 7.57 ± 0.23 de 

120 6.26 ± 0.15 a 7.17 ± 0.07 c-e 6.42 ± 0.07 a 6.57 ± 0.10 c 6.57 ± 0.07 ab 6.17 ± 0.06 a 
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Table 9. Effects of increased temperature and CO2 on mycotoxin production. 

 

Host 

(environmental conditions 

tested) 

Pathogen Mycotoxin(s) produced* Effect of increased 

T and/or CO2 and 

their interaction  

Reference 

     

Spinach (400-450 and 800-

850 ppm CO2; 14 to 30°C) 

Myrothecium 

verrucaria 

Verrucarin A 

 

Increase with 

temperature. No 

effect of CO2.  

Siciliano et 

al., 2017b 

 Roridin E Increase at 14-18°C 

under 800-850 ppm 

CO2 

 

Cultivated rocket (400-450 

and 800-850 ppm CO2; 14 to 

30°C) 

Myrothecium 

roridum 

Verrucarin A 

 

Increased at 14-

18°C under 800-850 

ppm CO2 

Bosio et al., 

2017 

 Roridin E Increased at 26-

30°C under 800-850 

ppm 

 

Cultivated rocket (400-450 

and 800-850 ppm CO2; 14 to 

26°C) 

Alternaria sp. 

Leaf spot, 

necrotroph) 

Tenuazonic acid Increase at 22-26°C 

under 800-850 ppm 

CO2 

Siciliano et 

al., 2017a 

Cabbage (400-450 and 800-

850 ppm CO2; 14 to 26°C) 

Alternaria sp.  Tenuazonic acid Increased at 14-

18°C. No effect of 

CO2. 

Siciliano et 

al., 2017a 

  Alternariol and alternariol 

monomethylether 

No effect  

  Tentoxin Increased at 14-

18°C 400-450 ppm 

and 18-22°C 800-

850 ppm 

 

Cauliflower (400-450 and 

800-850 ppm CO2; 14 to 

26°C) 

Alternaria sp.  Tenuazonic acid Increased at a 22-

26°C under 800-850 

ppm CO2. 

Siciliano et 

al., 2017a 
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LEGENDS TO THE FIGURES 

 

Fig. 1. Effects of different CO2 and temperature combinations on the development of Peronospora 

belbahrii, causal agent of downy mildew, on artificially inoculated basil of cv. ‘Italiano’. Data are 

expressed as the percent of affected leaf area. Columns superscripted with the same letter are not 

significantly different at P≤0.05 (Tukey’s Test) (Gilardi et al., 2016 a).  
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Fig. 2. Effects of different CO2 and temperature combinations on the development of Uromyces 

appendiculatus, causal agent of rust on bean cv. ‘Edna’ and Puccinia pelargonii-zonalis, causing 

rust on pelargonium cv. ‘Pac Bergpalais’. Data are expressed as number of uredia/leaf at the end of 

the trials. Columns superscripted with the same letter are not significantly different at P≤0.05 

(Tukey’s Test) (Gilardi et al., 2016 b).  
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Fig. 3. Effects of different CO2 and temperature combinations on the incidence (DI, expressed as % 

of affected leaves) and severity (DS, expressed as % of affected leaf area) of Fusarium equiseti on 

wild rocket (cv. ‘Grazia’) and Fusarium equiseti on radish (cv. ‘Flamboyant’). Data are the mean 

values of six trials. Columns superscripted with the same letter are not significantly different for DI 

and DS, respectively, at P≤0.05 (Tukey’s Test) (Gullino et al., 2017a). 
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Fig. 4. Effects of different CO2 and temperature combinations on disease severity (DS, expressed as 

% of affected leaf area) caused by Myrothecium verrucaria on spinach and Myrothecium roridum 

on cultivated rocket. Columns superscripted with the same letter are not significantly different for 

DI and DS, respectively, at P≤0.05 (Tukey’s Test) (Siciliano et al., 2017b; Bosio et al., 2017). 
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Fig. 5. Effects of different CO2 and temperature combinations under controlled environment 

(phytotron) conditions on the photosynthetic efficiency of the leaves (PI) and chlorophyll content of 

the leaves (CCI, °SPAD) of cultivated rocket grown in a substrate artificially infested with F. 

oxysporum f. sp. conglutinans, causal agent of Fusarium wilt. Columns superscripted with the same 

letter are not significantly different for DI and DS, respectively, at P≤0.05 (Tukey’s Test) (from 

Chitarra et al., 2015). 
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Fig. 6. Concentrations (μg/kg) of tenuazonic acid (TeA), alternariol (AOH), alternariol 

monomethylether (AME), tentoxin (TTX) produced by different Alternaria spp. isolates (A) Ruc 

4/10 on cultivated rocket; (B) Ruc 13/10 on cultivated rocket; (C) Cav 3/10 on cabbage; (D) Cav 

5/10 on cabbage; (E) Cav 3/10 on cauliflower; (F) Cav 5/10) on rocket, cabbage and cauliflower 

under different temperature and CO2 combinations under controlled environment (phytotron) 

conditions (Siciliano et al., 2017a).  
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Fig. 7. Concentrations (μg/kg) of roridin E and verrucarin A produced  by Myrothechium 

verrucaria on spinach under different temperature and CO2 combinations under controlled 

environment (phytotron) conditions (Siciliano et al., 2017b). 
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Fig. 8. Concentrations (μg/kg) of verrucarin A (A) and roridin E produced by Myrothecium roridum 

on cultivated rocket under different temperature and CO2 combinations in under controlled 

environment facilities (phytotrons). Columns superscripted with the same letter are not significantly 

different for DI and DS, respectively, at P≤0.05 (Tukey’s Test) (Bosio et al., 2017).  
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