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Abstract  
 
The chlorophyll (Chl) fluorescence imaging technique was applied to cashew seedlings inoculated with the fungus 
Lasiodiplodia theobromae to assess any disturbances in the photosynthetic apparatus of the plants before the onset of 
visual symptoms. Two-month-old cashew plants were inoculated with mycelium of L. theobromae isolate Lt19 or Lt32. 
Dark-adapted and light-acclimated whole plants or previously labelled, single, mature leaf from each plant were evaluated 
weekly for Chl fluorescence parameters. From 21 to 28 days, inoculation with both isolates resulted in the significantly 
lower maximal photochemical quantum yield of PSII (Fv/Fm) than those for control samples, decreasing from values of 
0.78 to 0.62. In contrast, the time response of the measured fluorescence transient curve from dark-acclimated plants 
increased in both whole plants and single mature leaves in inoculated plants compared with controls. The Fv/Fm images 
clearly exhibited photosynthetic perturbations 14 days after inoculation before any visual symptoms appeared. 
Additionally, decays in the effective quantum yield of PSII photochemistry and photochemical quenching coefficient were 
also observed over time. However, nonphotochemical quenching increased during the evaluation period. We conclude that 
Fv/Fm images are the effective way of detecting early metabolic perturbations in the photosynthetic apparatus of cashew 
seedlings caused by gummosis in both whole plants and single leaves and could be potentially employed in larger-scale 
screening systems.  
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Introduction 
 
Cashew tree (Anacardium occidentale L.) growing in 
Brazil is focused primarily on producing cashew nuts for 
the export market. It occupies an area of 760,110 ha, 
located almost exclusively in the north-eastern region of 
the country (IBRAF 2011). Brazilian production of cashew 
nuts exceeded 100,000 t in 2010, yielding US$ 229.6 

million in revenues (IBGE 2011).  
Cashew production has been facing some problems, 

including distressful diseases and pests. The annual 
production of cashew nuts in Brazil suffered undesirable 
fluctuations and competed with the top producers: 
Vietnam, India, Nigeria, the Ivory Coast, and Indonesia  
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(FAOSTAT 2011). Among the problems that negatively 
affect the cashew tree and compromise cashew nut 
production is gummosis, a disease, caused by the fungus 
Lasiodiplodia theobromae (Pat.) Griff.& Maubl., a 
member of the family Botryosphaeriaceae. It is an 
endophytic fungus able to colonize its hosts without 
obvious symptoms but significantly reducing the yield of 
cashews (Cardoso et al. 2009; Muniz et al. 2011).  

It is estimated that half a million early dwarf cashew 
seedlings are produced annually in the Brazilian Northeast 
(Cavalcanti Junior et al. 2002). Once infected, cashew 
seedlings constitute a primary inoculum for the fungus in 
the field and usually display no visual symptoms of 
infection. Therefore, the lack of an early detection method 
contributes to the spread of the disease (Cardoso et al. 
2010). Thus far, diagnosis and identification of the 
gummosis pathogen has been based upon the emergence 
of symptoms and subsequent isolation of the pathogen on 
agar media. However, a major problem with visual 
assessment of infected plants is the difficulty of this 
delayed observation and in the interpretation of the initial 
symptoms, which requires an expert eye. By this point, 
plants and even orchards might be seriously compromised. 
An early and noninvasive detection method would 
enhance the screening of problematic plants, especially at 
nurseries. High-throughput approaches for screening 
multiple-diseased plants have gained much attention, 
especially for fungal diseases (Scholes and Rolfe 2009).  

The ratio of Fv/Fm can be used to estimate the maximal 
quantum yield of the PSII photochemistry. When plants 
are exposed to abiotic and biotic stresses, decreases in 
Fv/Fm are frequently observed, and their measurement 
provides a simple and rapid method of monitoring stress. 
The parameter refers to measurements with dark-
acclimated samples (Oxborough and Baker 1997). When 
samples are exposed to continuous actinic light or to 
saturating light pulses, the fluorescence rises from the 
minimal fluorescence level (F0'), to the maximal 
fluorescence level during light treatment, (Fm'). Saturation 
means light strong enough to fully reduce the electron 
transport chain so that the PSII becomes closed. If the PSII 
reaction centres cannot perform photochemical reactions, 

then photochemical quenching is equal to zero and 
maximal fluorescence levels are reached (Fm and Fm' in the 
dark-acclimated and light-exposed samples, respectively). 
The difference between Fm' and Ft is designated as Fq' and 
results from the quenching of Fm' by PSII photochemistry. 
Fq'/Fm' is also known as ΦPSII and nonphotochemical 
processes are typically represented as nonphotochemical 
quenching (NPQ) and assigned to heat dissipation (Bilger 
and Björkman 1990, Maxwell and Johnson 2000, Roháček 
2002, Baker 2008). 

Chl fluorescence measurement techniques have been 
widely used as rapid and noninvasive methods for esti-
mating photosynthetic performance in plants. Improve-
ments in instrumentation and image acquisition (through 
red fluorescence capture by specific filters) and the 
development of distinct measuring protocols have 
enhanced the possibility of visualizing the differences in 
the responses of plants to biotic stresses in many pathogen 
systems (Chaerle et al. 2004, 2007). Changes in Chl 
fluorescence associated with fungal infections have been 
widely related and imaging systems have become suitable 
study tools to investigate these plant-fungus interactions 
(Scholes and Rolfe 2009). 

Cashew plants affected by gummosis show reductions 
in stomatal conductance and, consequently, in photo-
synthesis (Bezerra et al. 2003). Therefore, if photo-
synthesis itself is altered, changes in the parameters related 
to Chl fluorescence are very likely to occur and are 
detectable by either a fluorescence imaging system or by 
advanced statistical analysis; in this last case, a more 
sensitive detection method (Lazar 2006). In this study, we 
used a fluorescence imaging system that was able to detect 
both F0 and Fm and yield an image of Fv/Fm in addition to 
other Chl fluorescence parameters related to the 
inoculation of cashew plants with two different strains of 
L. theobromae. The images were analysed to determine the 
responses of plants prior to the occurrence of visual 
symptoms. Besides, we tested these imaging techniques on 
single mature leaves to establish their potential use as an 
assay for the early and rapid detection of gummosis in 
cashew seedlings. 

 
Materials and methods 
 
Plants and growth conditions: The cashew seedlings 
were obtained from seeds of the open-pollinated, dwarf, 
cashew clone CCP 76, developed by the Brazilian 
Agricultural Corporation (EMBRAPA). Seeds were placed 

in pots (15 cm in height) containing a fertilised commercial 

substrate (Lentse Potgrond, The Netherlands). Every 15th d, 
the plants were supplemented with 1/10 strength 
Hoagland’s nutrient solution (Hoagland and Arnon 1950). 
Plants were grown in a growth chamber at 25°C, at  
60–70% relative humidity with a photoperiod of 12/12 h 

light/dark cycles, and 180 ± 20 µmol m–2 s–1 of PAR. 

Fungal isolates of L. theobromae originated from infected 
cashew plant tissue, obtained from the collection 
maintained by Embrapa Tropical Agroindustry (Table 1).  

 
Experimental design: In the first experiment, two-month-
old cashew seedlings were inoculated with mycelium of 

L. theobromae. The inoculum was introduced into the 

plants through a small hole made in the stem using an 

electric drill. After inoculation, the hole was covered with 

tape. Control plants were subjected to the same procedure, 
but without the introduction of the inoculum. The  
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Table 1. Fungal isolates, hosts, and collecting site. 
 

Fungal isolate, code  Host collecting site 

L. theobromae, Lt19  Anacardium occidentale-gummosis symptoms, São Raimundo Nonato, Piauí state, Brazil  
L. theobromae, Lt32  Anacardium occidentale- black branch dieback of cashew, Serra do Mel, Rio Grande do Norte state, Brazil 

 
experimental design was completely randomised with 
three treatments (plants not inoculated, plants inoculated 
with L. theobromae isolate Lt19, and plants inoculated 
with L. theobromae isolate Lt32) and five replicates. 
Whole plants or previously labelled, single mature leaves 
were evaluated every 7th d until 28 d from the inoculation 
(DAI). For single mature leaves, the same leaf was 
employed for all measurements. In this experiment, Chl 
fluorescence parameters were only determined in dark-
acclimated plants; the Fv/Fm ratio and the time response for 
the measured fluorescence transient curve from dark-
acclimated plants (τTR) were the parameters obtained.  

The second experiment followed the same procedure 
except that only L. theobromae isolate Lt19 was inoculated 
into the cashew seedlings. Additionally, the plants were 
evaluated for a longer time, 50 DAI, and the Chl 
fluorescence parameters for both dark and light-acclimated 
plants were determined. Fv/Fm, τTR, ΦPSII, NPQ, and 
coefficient of photochemical fluorescence quenching (qP) 
were subjected to an analysis of variance (ANOVA) for 
each treatment or for each evaluation period. When the Chl 
fluorescence parameters reached significant differences 

(P=0.05) within treatments, Tukey’s test was performed. In 

both cases, the ‘time zero’ measurement was performed 
before the inoculation procedure. 

 
Chl fluorescence imaging: A home-made, imaging 
fluorometer was used to obtain the principal Chl fluore-
scence parameters. It consisted of an array of light emitting 
diodes (LED), a charge coupled device (CCD) camera, an 
LED power supply, and software to operate the device and 
capture the Chl fluorescence images and data. An array of 
LED lamps generated the saturating light pulses. It 
consisted of two sets of lamps (each set with 20 small 
LEDs) mounted on a 30 cm × 30 cm aluminium plate 1 cm 
thick. The lamps were adjusted to deliver square wave 
pulses with 15-ms and 14-ms intervals between them. At 
the level of the plant leaves, 50 cm from the CCD camera, 
each light flash, for the dark-adapted plants, reached 1,000 
µmol(photon) m–2 s–1 in the red spectrum (620 nm). As 
successive pulses of 30 light flashes were emitted over the 
plants, saturation of the photochemistry was assured. 
Fluorescence was detected by a CCD camera that 
produced 320 × 240 pixel images in the 2×2 binning mode 
for higher sensitivity using a 14-bit grey scale. For 
fluorescence detection, the light was filtered by an 
interference filter mounted between the lens (f = 8 mm) 
and the CCD-chip of the camera. The LEDs light source  

 
 
Fig. 1. Illustration of the effects of light saturation on plants 
showing the major parameters measured from which the images 
of Fv/Fm and τTR were constructed. Plants were dark-acclimated 
for 30 min before being exposed to saturating light for 842 ms. 
Saturating light was composed of 30 light flash subpulses with 
15-ms and 14-ms intervals between them. At the level of plant 
leaves, at 50 cm from the CCD camera, each subpulse reached 
1,000 μmol m–2 s–1. 
 
(saturating light pulse and actinic light) and the CCD 
camera were controlled using Transient Chlorophyll 
Fluorescence (TCF) software written in Delphi. With the 
LED lamps turned off, a dark image was captured and 
stored in the computer using the same protocol as for the 
fluorescence imaging. Soon thereafter, with the LED 
lamps turned on, 30 pulses of light were emitted over the 
plants. During each light flash for the 15-ms subpulses, one 
image was captured by the camera and transferred directly 
to the computer. After the entire sequence of images, 
typically 30, the dark image was subtracted from the 
fluorescence images to eliminate the background signal. 
This sequence yielded images for which each pixel 
contained fluorescence time information. The first value at 
t = 15 ms corresponded to the minimal Chl fluorescence 
from dark-acclimated plants (F0). The maximal fluores-
cence value where the curve became saturated corres-
ponded to Fm. Each pixel was fitted to the exponential 
regression: F(t) = F0 + (Fm – F0)[1 – exp(–t/τTR)]. An 
estimate of the yield of the PSII photochemistry could be 
calculated from: Fv/Fm = (Fm – F0)/Fm. This calculation was 
performed for each pixel, yielding an image for estimating 
Fv/Fm and an image corresponding to the time response 
(τTR) of the photosynthetic system under experimental 
conditions, which correlated with the time response of the 
measured fluorescence transient curve (Kautsky in-
duction). In Fig. 1, the time response (τTR) is perceived as 
the time interval, in which Fm is reached starting from F0. 
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Table 2. Formulas for the chlorophyll fluorescence parameters. 
 

Chlorophyll fluorescence parameters Definition 

F0' = 1/(1/F0 – 1/Fm + 1/Fm') Minimal chlorophyll fluorescence from light-acclimated plants 
Fv/Fm = (Fm – F0)/Fm Maximal photochemical quantum yield of PSII 
ΦPSII = (Fm' – Ft)/Fm' Effective quantum yield of PSII 
qP = (Fm' – Ft)/(Fm' – F0') Coefficient of photochemical fluorescence quenching 
NPQ = (Fm – Fm')/Fm' Nonphotochemical fluorescence quenching 

 
Measurement protocol: Saturating light was applied to 
whole plants or to attached, single mature leaves (always 
the same leaves) that had been previously dark-acclimated 
for 30 min to obtain the initial parameters for Chl fluores-
cence, i.e., F0 and Fm, and τTR. Plants were then exposed to 
continuous white actinic illumination (50 μmol m–2 s–1 

PAR), with saturating light being applied each minute. At 
the end of 15 min, data were obtained for transient Chl 
fluorescence from the light-acclimated plants. The main 
parameters for Chl fluorescence were calculated according 
to van Kooten and Snel (1990) (Table 2). 

 
Results 
 
Chl fluorescence parameters obtained in both dark- 
and light-acclimated cashew seedlings: Initially, the 
values of the Fv/Fm ratios decreased slightly in controls 
7 DAI, but then they recovered. At 14 DAI, the Fv/Fm ratios 
decreased significantly, but only in the whole plants 
 

 
 
Fig. 2. Time-course analysis of maximum photochemical quan-
tum yield of PSII (Fv⁄Fm) for whole cashew plants (A) or single 
mature leaves (B) inoculated with Lasiodiploidia theobromae 
isolates (Lt19 or Lt32). Each value represents the mean ± SD of 
five replicates. * – a significant difference from the control at 
P<0.05. Plants were dark-acclimated for 30 min before being 
exposed to saturating light for 842 ms. Saturating light was 
composed of 30 light flash subpulses with 15-ms and 14-ms 
intervals between them. At the level of plant leaves, at 50 cm 
from the CCD camera, each subpulse reached 1,000 μmol m–2 s–1. 

inoculated with fungal isolate Lt32 (Fig. 2A). From 21 to 
28 DAI, inoculation with both isolates resulted in signifi-
cantly lower Fv/Fm ratios than in the control samples for 
the whole plants and the single mature leaves (Fig. 2B). 
The τTR from dark-acclimated plants was also altered after 
fungal inoculation of the cashew seedlings (Figs. 3A,B). In 
both whole plants and the single mature leaves, there was 
a trend of increasing τTR at 21 DAI with L. theobromae 
isolates. The average values of τTR for the controls were 
approximately 182 ms for the whole plants and 148 ms for 
the single mature leaves. After fungal inoculation (Lt19), 
responses to light were delayed for 232 ms for the single 
mature leaves and for 256 ms for the whole plants. 

Inoculation with isolate Lt19 significantly altered the 
values of the Chl fluorescence parameters in the whole 
seedlings when compared with controls (Fig. 4). The 
inoculated plants showed decreases in the Fv/Fm ratios 
from 28 DAI (Fig. 4D), confirming the previous decline in 
the Fv/Fm values over time (Fig. 2A). The lower values for 
the Fv/Fm ratios, which reached 0.53 and were significantly 
lower than those in the controls, were observed at 50 DAI, 
coinciding with the initial appearance of visual symptoms 
in the plants. The ΦPSII decreased significantly, which was 
apparent in the inoculated plants compared with controls 
from the 7 DAI onward (Fig. 4A). At 21 DAI, the qP 
(Fig. 4B) began declining and, simultaneously, the NPQ 
(Fig. 4C) began rising. 

 
Images of the parameter Fv/Fm: The changes after the 
inoculation of the cashew seedlings with L. theobromae 
(Lt32) on single mature leaves and whole plant samples 
are presented in Figs. 5 and 6, respectively. Initially, both 
the infected and control plants showed the high Fv/Fm 
ratios at time zero according to the colour of their leaves, 
which can be compared with the colour bar scale. The first 
presymptomatic indications were observed at 14 DAI. For 
this treatment, time-evolution images displayed extensive 
zones of low Fv/Fm values spread over the entire leaf 
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surface; these were first observed as yellow areas and 
evolved to larger red areas by the end of the experiment, 
corresponding to much lower Fv/Fm ratios. This behaviour 
was also noticed for L. theobromae (Lt19). The metabolic 
perturbations were clearly detectable in the images along 
the borders of leaves, spreading gradually into inner 
regions and also appearing as red areas. Using the images 
of Chl fluorescence from the whole cashew plants, we 
could also observe reductions in the Fv/Fm ratio in the 

inoculated plants (Fig. 6) over time. For each plant, some 
leaves had more pronounced diseased zones than others, 
and differences in perturbations patterns were clearly 
visible, depending on the plant and the leaf. After 14 DAI, 
the first fluorescence-detectable stresses were observed in 
plants inoculated with both L. theobromae isolates to a 
greater or lesser degree. By that time, visual symptoms 
were still not apparent in the inoculated plants.  

 
Discussion 
 
The Fv/Fm, Chl fluorescence parameter, is usually in the 
range of 0.78–0.84 for healthy vascular plants (Björkman 
and Demmig 1987). If the photosynthetic apparatus is 
somehow damaged or injured, this value might drop 
considerably. Chl fluorescence techniques have not been 
previously reported relating to biotic stresses in cashew 
plants. The few data on the use of Chl fluorescence in 
 

 
 
Fig. 3. Time-course analysis of time response of the measured 
fluorescence transient curve from dark-acclimated plants (τTR) 
for whole cashew plants (A) or single mature leaf (B) inoculated 
with Lasiodiploidia theobromae isolates (Lt19 and Lt32). Each 
value represents the mean ± SD of five replicates. Within each 
treatment, different capital letters show significant differences 
across days after inoculation periods. * – a significant difference 
from the control at P<0.05. Plants were dark-acclimated for 
30 min before being exposed to saturating light for 842 ms. 
Saturating light was composed of 30 light flash subpulses with 
15-ms and 14-ms intervals between them. At the level of plant 
leaves, at 50 cm from the CCD camera, each subpulse reached 
1,000 μmol m–2 s–1. 

cashew crops refer to studies in plants under drought and 
salt stresses, in which the Fv/Fm ratio decreased from 0.80 
to 0.65 (Blaikie and Chacko 1998, de Souza et al. 2005). 
The Fv/Fm ratios decays observed in the current study, from 
approximately 0.80 to 0.60, indicated alterations in the 
photochemical apparatus of the cashew seedlings.  

According to Scholes and Rolfe (2009), Chl fluores-
cence imaging provides a direct measure of primary plant 
function; thus, any perturbation caused during plant-fungal 
interactions can improve the possibility of distinguishing 
between infected and unifected tissues. Different pathogen 
systems, however, lead to a diversity of responses and the 
interpretation of Chl fluorescence parameters is crucial. 
The behaviour of these parameters over time is one 
comprehensive pathway for demonstrating specific 
responses. In this case, time studies gave us clues about 
damages to plant physiology following fungal inoculation, 
even when visual symptoms were not yet accessible.  

The slight declines in the Fv/Fm ratios observed in both 
the whole plant or in the single mature leaf of the controls 
7 d after drill perforation might be due to the stress caused 
by mechanical injury; they were able to recover 
afterwards. For the L. theobromae-inoculated plants, 
however, significant and continuous reductions in the 
Fv/Fm ratios over time demonstrated actual perturbations in 
plant metabolism, as clearly observed in both types of 
samples. For cashew plants, the pathogenic action of 
Lasiodiplodia is not fully understood, but damage to the 
plant might be occurring via reductions in water and 
nutrient transport, leading to reduced photosynthesis, 
which would explain the substantial decreases in the Fv/Fm 
ratios (Cardoso et al. 2010). Previous determinations of the 
microscopic features of the colonization of cashew plants 
by L. theobromae (Muniz et al. 2011) indicated the 
presence of the fungus within the xylem vessels. In some 
asymptomatic samples, this presence could certainly allow 
the provocation of perturbations observed in Chl fluores-
cence parameters, even before symptoms occurrence, 
especially in whole plants. The blocking of vascular 
bundles, within branches and stems, by the fungus would 
impair the physiological status of the whole plant, not only 
of a single leaf, leadind to higher Fv/Fm ratios for single 
leaf measurements. Furthermore, disturbances in photo-
synthetic parameters observed at the end of the experiment 
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Fig. 4. Effects of the inoculation of the fungus Lasiodiploidia 
theobromae (isolate Lt19) on chlorophyll fluorescence 
parameters in cashew seedlings using chlorophyll fluorescence 
imaging technique. (A) PSII effective quantum yield (ΦPSII);  
(B) photochemical quenching coefficient (qP); (C) nonphoto-
chemical quenching (NPQ); (D) PSII maximum quantum yield 
(Fv/Fm). Each value represents the mean ± SD of five replicates. 
* – a significant difference from the control at P<0.05. 

 
were in total accord with a high degradation of 
parenchyma cells, with a serious compromise of the inner 
layers of cell walls, also noticed during ultrastructural 
investigation of the interaction between Lasiodiplodia and 
cashew plants (Muniz et al. 2011). As the distribution of 
and response to the fungus within the plant tissues can be 
extremely variable and sometimes unpredictable, a single 
leaf might not represent the sum of all negative effects. 
Therefore, heterogeneities in the photosynthetic patterns 
of leaves are easily revealed, mainly when the fluorescence 
levels for each pixel can be added and accessed (Nedbal 

and Whitmarsh 2004). Additionally, the development of 
an indirect enzyme-linked immunosorbent assay (ELISA) 
intended to detect the fungus both in vitro and in planta 
(artificially and naturally infected) produced some positive 
readings for asymptomatic samples (Muniz et al. 2012). 
This observation that both physiological disturbances and 
fungal distribution were detectable at precocious stages of 
fungal settlement supports the idea that decreases in Fv/Fm 
ratios might indicate real perturbations in plant 
metabolism possibly related to fungal establishment. 

One major advantage of the ΦPSII parameter is the 
possibility of being measured in sunlight, in light-adapted 
leaves, while the measurement of Fv/Fm requires dark-
adaptation of the leaves. In this case, both parameters 
revealed that plants were suffering after the fungus 
inoculation. This has also been shown to be true for other 
Chl fluorescence settlements used as diagnostic tools for 
the early detection of fungal infections (Cséfalvay et al. 
2009). In other plant–fungal interactions, Rolfe and 
Scholes (2010) observed a decline in Fv/Fm, an initial 
reduction in ΦPSII, and an increase in NPQ. Such results are 
in agreement with those obtained in this study. It is 
expected that in stressed plants, energy is dissipated by 
nonphotochemical processes rather than photochemical 
ones. Nevertheless, the time interval required for 
observing these effects and their relationship to the 
establishment of visible symptoms is largely dependent on 
multiple factors, such as the metabolites and toxins 
produced by the pathogen, its mode of nutrition, and 
differences in the hosts' responses (Wolpert 2002). For 
instance, in grapes infected with downy mildew 
(Plasmopara viticola), reductions in Fv/Fm and ΦPSII could 
be detected three days before visible symptoms became 
apparent and these effects did not extend widely across the 
entire leaf (Cséfalvay et al. 2009). Likewise, tomato plants 
infected with Fusarium oxysporum f.sp. lycopersici had 
their physiological parameters influenced by the fungal 
inoculation treatment, exhibiting early decreases in ΦPSII 
and also in qP (Segarra et al. 2010). This was also true for 
lettuce infected by Bremia lactucae (Prokopová et al. 
2010). Chou et al. (2000), working on interactions 
between Albugo candida (Pers.) Kuntze and Arabidopsis 
thaliana, showed that as photosynthesis declined in areas 
directly invaded by fungal mycelium, NPQ increased, 
indicating that light that was not used for photosynthetic 
electron transport but it was dissipated by nonphoto-
chemical processes. 

Fluorescence images of Fv/Fm showed heterogeneity in 
the metabolic perturbations to pathogen inoculation spread 
across plants and leaves and different parts of leaves. 
Although each pulse light measurement had an intensity of 
1,000 µmol(photon) m–2 s–1, the successive 30 flashes of 
15-ms subpulses of this light were strong enough to 
saturate the plant photochemistry. Therefore, the lower 
Fv/Fm values encountered correlated with the effects of the 
fungus itself. The magnitude of the different possibilities 
for host reactions in a plant–pathogen interaction implies  
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Fig. 5. Images of maximum photochemical quantum 
yield of PSII (Fv/Fm) for the single mature leaf of 
cashew seedlings inoculated with Lasiodiploidia
theobromae using chlorophyll fluorescence imaging 
technique. Images in rows represent different fungal 
inoculation treatments: no inoculation (control), 
inoculation with L. theobromae (Lt19) or with 
L. theobromae (Lt32). Images in columns represent 
the course of time at 7, 14, and 28 days after 
inoculation. Coloured bar below the images of Fv/Fm

show the range of values and how they mapped to the 
colour palette. 

 
 
 
 
 

 
Fig. 6. Images of maximum photochemical 
quantum yield of PSII (Fv/Fm) for the whole 
cashew seedlings inoculated with Lasio-
diploidia theobromae using chlorophyll 
fluorescence imaging technique. Images in 
rows represent different fungal inoculation 
treatments: no inoculation (control), inocu-
lation with L. theobromae (Lt19) or with 
L. theobromae (Lt32). Images in columns 
represent the course of time at 7, 14, 21, and 
28 days after inoculation. Coloured bar 
below the images of Fv/Fm show the range of 
values and how they mapped to the colour 
palette. 

 
an intrinsic difficulty in obtaining a single pattern of 
predictable responses. Variations in the severity of 
virulence in different L. theobromae isolates have been 
described. Pathogenicity trials conducted by Taylor et al. 
(2005) and Úrbez-Torres (2008) with virulent strains 
showed that the severity of the lesions produced by 
different isolates differed. It is quite plausible, therefore, 
to notice differences in fluorescence parameters patterns 
between distinct fungal cultures. Whatever the type of 
disarrangement provoked, the sensitivity of Chl fluores-
cence imaging to very small changes in plant metabolism 
demonstrates the enormous potential of this technique to 
provide details about such systems, especially for virulent 
and aggressive strains. Timing, the location of pathogen 

development, and the severity of damage are some 
examples of parameters being evaluated in current studies 
(Rolfe and Scholes 2010). A number of studies have used 
Chl fluorescence imaging to detect fungal infection prior 
to the appearance of visible symptoms. For example, in  
A. thaliana infected with the biotrophic fungus Albugo 
candida, moderate irradiance was tightly correlated with 
the timing of the appearance of visible symptoms (Chou et 
al. 2000). McElrone et al. (2010) found that reductions in 
ΦPSII in hardwood trees infected by Phyllosticta and 
Cercospora extended a few millimetres beyond the visible 
symptoms of infection. In other interactions, effects might 
be observed across the entire leaf and extend far beyond 
the area of visible symptoms. In oat leaves infected with 
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Puccinia coronata, Scholes and Rolfe (1996) found 
marked changes in the patterns observed during photo-
synthetic induction. As the infection progressed, both ΦPSII 
and NPQ were significantly reduced in the areas of visible 
symptoms, but ΦPSII was also diminished across the rest of 
the leaf with a corresponding increase in NPQ. A similar 
leaf-wide reduction in ΦPSII was found in lupine infected 
with the necrotroph Pleiochaeta setose, although a halo of 
activity was retained at the symptom margins (Guidi et al. 
2007). The nutrition and pathogenicity modes of these 
distinct fungi are markedly variable, but in all cases, 
reduced patterns of photosynthetic activity have been 
pronounced, especially as the infection evolved over time.  

For cashew plants inoculated with L. theobromae, very 
low Fv/Fm image profiles overlapped with visible symp-
toms at the end of the experiment. Considering that Fv/Fm 
is easily affected by any photosynthetic disorder agent and 
that Fv/Fm can be easily measured, we believe that the 
integration of this parameter into Chl fluorescence 
imaging could be recommended for a fast and reliable 
screening. Images of both whole plants and single mature 
leaves demonstrated essentially the same Chl fluorescence 
alterations. Therefore, both screenings could be used in 

large-scale efforts, for example, to detect infected plants in 
a nursery. However, if more precise Chl fluorescence data 
were needed, the data generated from a single mature leaf 
measured in the horizontal position were more reliable. 

 
Conclusion: Chl fluorescence imaging was able to detect 
disturbances in cashew plants inoculated with L. theo-
bromae fungi prior to the establishment of symptoms. 
Distinctions between infected and uninfected tissues could 
be determined, relying on both Chl fluorescence para-
meters and images. When we consider the possibility of 
some L. theobromae strains being capable of acting as 
pathogens, triggering gummosis, and leading to metabolic 
disorders, it would certainly be possible that first 
perturbations could be precisely detected using this 
technique. In seedling nurseries, a mechanism that would 
be able to collect early informations about disease 
disturbances could enhance the quality of plants destined 
for planting. Furthermore, robust automated systems 
would enlarge the number of samples that would be 
subjected to screening, supporting the production of 
cashew plants with a technologically advanced system. 
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