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Crop yield is critically related to the physiological 
responses and disease resistance of the crop, which 
could be strongly affected by high temperature 
conditions. We observed the changes in the growth of 
barley under higher than ambient air-temperature 
conditions using a temperature gradient field chamber 
(TGFC) during winter and spring. Before the stem 
extension stage of barley growth, Cladosporium sp. 
spontaneously appeared in the TGFC. The severity of 
disease became serious under warmer temperature 
conditions. Further, the stomata closed as the 
severity of the disease increased; however, stomatal 
conductance at the initial stage of disease was higher 
than that of the normal leaves. This was likely due to 
the Iwanov effect, which explains that stressed plants 
rapidly and transiently open their stomata before lon-
ger-term closure. In this study, we tested three optical 
methods: soil-plant analysis development (SPAD) 

chlorophyll index, photochemical reflectance index 
(PRI), and maximum quantum yield (Fv/Fm). These 
rapid evaluation methods have not been used in studies 
focusing on disease stress, although some studies have 
used these methods to monitor other stresses. These 
three indicative parameters revealed that diseased 
barley exhibited lower values of these parameters than 
normal, and with the increase in disease severity, these 
values declined further. Our results will be useful in 
efficient monitoring and evaluation of crop diseases 
under future warming conditions.
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Annual global temperature has increased by approximately 
0.4°C since 1980 (Hartmann et al., 2013). Achieving maxi-
mum crop yield, determined by the crop’s genetic potential, 
has become harder because of increasing negative impacts 
such as vulnerability to crop disease epidemics caused 
mainly by global warming conditions (Lobell et al., 2011). 
Indeed, the physiological response of crops and disease 
resistance can be largely affected by above optimum level 
(Pounds et al., 2006). Thus, we observed the changes in the 
growth of barley under higher than normal air-temperature 
conditions using a temperature gradient field chamber 
(TGFC) at the Chonnam National University campus dur-
ing winter 2016 to spring 2017 (Fig. 1). The operation of 
an air heater and ventilator in the TGFC was designed to 

*Corresponding author.  
Phone) +82-62-530-2056, FAX) +82-62-530-2059 
E-mail) chojaeil@gmail.com 
ORCID 
J Cho 
https://orcid.org/0000-0002-3375-4357 
D Oh 
https://orcid.org/0000-0002-8783-4870 
J-H Ryu 
https://orcid.org/0000-0002-5609-2739

 This is an Open Access article distributed under the terms of the 
Creative Commons Attribution Non-Commercial License (http://
creativecommons.org/licenses/by-nc/4.0) which permits unrestricted 
noncommercial use, distribution, and reproduction in any medium,  
provided the original work is properly cited.

Articles can be freely viewed online at www.ppjonline.org.



Optical Sensing of Disease in Barley  237

maintain + 3.0°C higher air-temperature at the innermost 
part of the chamber (AT + 3.0°C) and ambient temperature 
was achieved at the entrance of the chamber (AT) (Horie 
et al., 1995). The central position (AT + 1.5°C) of chamber 
had approximately + 1.5°C higher air-temperature than that 
of the AT. At each location, AT, AT + 1.5°C, and AT + 
3.0°C, the three ports for planting barley were located.

Before the stem extension stage of barley growth, 
Cladosporium sp., a fungal pathogen, spontaneously 
appeared in the TGFC. The isolate was purified by a 
single spore isolation technique and identified based on 
morphological characteristics and genetic analysis. For 
fungal identification, the genomic DNA was isolated from 
the fungus using a DNA extraction kit (Intron, Daejeon, 
Korea), according to the manufacturer’s protocols. The 
extracted DNA was purified using a QIAquick® DNA 
purification kit (Qiagen, Valencia, CA, USA). The primers, 
ITS1 primer (5′-TCGGTAGGTGAACCTGCGG-3′) and 

ITS4 primer (5′-TCCTCCGCTTATTGATATGC-3′), were 
used for the PCR. Gene sequencing and a blast search were 
requested from a commercial analysis service (Macrogen 
Inc., Daejeon, Korea). 

In this study, we aim to test optical methods to rapidly 
evaluate the disease conditions. First, to prepare a 
baseline data for identifying the disease incidence, we 
conventionally classified the level of damage caused by 
the disease using the unaided eye, as 0, 1, 2, or 3, as is 
typical, progressing from initial damage to fatal levels, 
respectively (Fig. 2). Then, the area of one port (43.00 cm 
× 73.00 cm) was separated into 16 sub-rectangular areas 
(10.75 cm × 18.25 cm) to investigate the incidence of 
disease. Thus, each location had 48 sub-rectangular areas 
in three ports. Using the maximum level among foliage 
in one sub-rectangle area, the proportions of each level 
in one location were represented (Fig. 3). The severity 
of the disease increased in the order of increasing air-

Fig. 1. A schematic illustration of the temperature gradient field chamber (TGFC) for exposing barley to the gradient warm conditions 
by 0°C to 3°C.

Fig. 2. Visible images for the severity level of Cladosporium sp. 
disease in barley.

Fig. 3. Incidence (%) of the worst disease levels that occurred at 
the different air-temperature conditions (i.e., AT, AT + 1.5°C, 
and AT + 3.0°C) in barley.
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temperature conditions. Given that Cladosporium sp. can 
be spread by air-borne spores (Peternel et al., 2004), the 
differential incidences of this fungal pathogen at the not-
segregated three locations (i.e., AT, AT + 1.5°C, and AT 
+ 3.0°C) could be affected by air temperature condition. 
Indeed, Cladosporium sp. is often occurred in summer than 
winter. This finding indicated the occurrence probability 
of Cladosporium sp. on barley will become higher under 
warmed condition.

To maintain a sustainable agricultural system under 
the conditions of global warming, rapid methods to 
evaluate disease severity through monitoring are highly 
necessary (Wolfert et al., 2017). Optical sensing is one of 
the best techniques to rapidly provide adequate estimation 
regarding the degree of infection (Franke and Menz, 2007). 
Optical sensors basically depend on the distinctive feature 
of the spectrum of reflection and absorption caused by the 
state of the photosynthetic pigments in the foliage canopy 
(e.g., chlorophyll and carotenoids) and leaf structure, as 
well as leaf area and leaf area contents (Jackson, 1986). 
However, in previous studies, this method was used for 
monitoring environmental stresses, such as water deficits 
(e.g., Winkel et al., 2002), but not for disease stress. Thus, 
in this study, we applied three optical methods to monitor 
diseased barley: soil-plant analysis development (SPAD) 
chlorophyll index, photochemical reflectance index (PRI), 

and maximum quantum yield (Fv/Fm). Further, stomatal 
conductance was also measured to analyze the results from 
these three optical sensors. These measurements were 
taken using five sample leaves for each of the four disease 
levels in AT + 3.0°C at noon on February 13, 2017. The 
portable instruments for SPAD, PRI, Fv/Fm, and gs values 
were used five times which was evenly spread across one 
sample leaf. 

Stomatal closure is critically affected in response to 
disease-caused stress (Smith et al., 1986). We measured 
gs (mmol m-2 s-1) using a porometer (SC-1 Porometer, 
Decagon Devices Inc., WA, USA). As the disease level 
increased, gs was distinctly decreased (Fig. 4A). However, 
gs of normal leaves (level 0) was less than that in the initial 
disease level (level 1). This transient stomatal opening 
might be a result of the Iwanov Effect denoted by Iwanov 
(1928) and various research (e.g., Jones, 1999; Vysotskaya 
et al., 2003). It explains that stressed plants rapidly and 
transiently open their stomata before longer-term closure 
(Jones, 1999). In this study, such phenomenon also have 
been replicated in Cladosporium sp. on the barley. There-
fore, although gs negatively responded to the severity of 
disease, except the early infection, gs is probably not suit-
able for quantitative evaluation. 

A portable chlorophyll meter (SPAD-502 leaf chlorophyll 
meter, Minolta Corp., Osaka, Japan) can measure leaf 

Fig. 4. Measurements of 
(A) stomatal conductance 
(mmol m-2 s-1), (B) SPAD 
chlorophyll index, (C) PRI, 
and (D) Fv/Fm for leaves at 
each disease level.
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chlorophyll in a nondestructive manner. Measurement 
of SPAD values was primarily based on the differential 
transmission of red and near infra-red (NIR) radiations. 
Previous studies have reported the relationship of SPAD 
values to leaf nitrogen and chlorophyll concentrations (e.g., 
Uddling et al., 2007). The SPAD values at level 0 gradually 
decreased as the disease worsened (Fig. 4B). This could 
correspond to destroyed chlorophyll content because of the 
damage by Cladosporium sp. In fact, because the visual 
classification from 0 to 3 in this study was based on the 
change in greenness caused by chlorophyll concentration, 
the SPAD values and severity levels exhibited a significant 
correlation. Therefore, SPAD was the closest to the 
farmer’s recognition of disease severity, but it was not 
useful for early detection of the disease.

PRI is defined by using two contributing reflectances: 
(ρ) at 531 nm and 570 nm wavelengths (i.e., (ρ531 − ρ570) 
/ (ρ531 + ρ570)) (Gamon et al., 1992). It is positively 
sensitive to changes in carotenoid pigments of the foliage 
(Filella et al., 2009). The xanthophyll pigment cycle of 
carotenoid pigments is closely related to photosynthetic 
productivity and stress (Gamon et al., 1992; Stylinski et al., 
2002). Therefore, measuring the PRI has recently attracted 
attention for the parameterization of canopy light use 
efficiency and assessing plant stress (e.g., photo-inhibition, 
soil moisture stress, aging, ozone stress) (Gamon et al., 
1992, 2001; Meroni et al., 2008; Stylinski et al., 2002). 
However, the change in PRI relative to disease is not well 
documented. In this study, we measured the PRI using a 
portable PRI meter (PRI200, Photon Systems Instruments, 
Drasov, Czech Republic). As the disease level increased, 
the PRI value at noon decreased (Fig. 4C). The lower PRI 
values of a state of physiological stress were caused by 
a relatively reduced carotenoid pigment concentrations 
(Gamon and Berry, 2012). Indeed, carotenoid pigments 
protect cells against the light induced thermal processing 
(Barry et al., 1990). Therefore, such stress values facilitate 
better understanding of how photosynthetic performance 
decreases due to the disease process (Gamon et al., 2001).

Fv/Fm is a ratio of variable chlorophyll fluorescence (Fv) 
over the maximum fluorescence value (Fm) (Mohammed 
et al., 1995). Thus, it can represent potential photochemical 
activity (Öquist and Wass, 1988). An unstressed plant has 
approximately 0.8, regardless of the type of plant. If the 
Fv/Fm is 0.4, it means that the photosynthesis capacity is 
reduced by half. We measured the Fv/Fm at noon using by 
a portable fluorometer (FluorPen FP100, Photon Systems 
Instruments, Brno, Czech Republic) and a dark-clip which 
provided dark adaptation for at least 20 min to get the 
basic level of chlorophyll fluorescence yield. The Fv/Fm 

values decreased with increasing disease level (Fig. 4D). 
However, the Fv/Fm value of the normal leaf was close 
to 0.8, but not 0.8. This might have occurred because of 
exposing barley to cold stress during winter. At disease 
level 2, the Fv/Fm had declined below 0.4. This will be 
valuable for realizing the disease condition by assessing 
chlorophyll damage. 

On the basis of our results, which demonstrated the 
increased occurrence of Cladosporium sp. on barley under 
warm conditions, agricultural systems have to be prepared 
for global warming. However, conventional sampling and 
laboratory analysis methods to identify crop disease are 
relatively slow and expensive. In this study, we examined 
three optical methods that successfully represented the 
severity of the disease in barley. Our results will be useful 
in the efficient monitoring and realizing of crop diseases.
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