
Pathogen infection in plants induces complex respons-
es ranging from gene expression to metabolic process-
es in infected plants. In spite of many studies on biotic 
stress-related changes in host plants, little is known 
about the metabolic and phenotypic responses of the 
host plants to Pseudomonas cichorii  infection based 
on image-based analysis. To investigate alterations in 
tomato plants according to disease severity, we inocu-
lated plants with different cell densities of P. cichorii 
using dipping and syringe infiltration methods. High-
dose inocula (≥ 106 cfu/ml) induced evident necrotic 
lesions within one day that corresponded to bacterial 
growth in the infected tissues. Among the chlorophyll 
fluorescence parameters analyzed, changes in quan-
tum yield of PSII (ΦPSII) and non-photochemical 
quenching (NPQ) preceded the appearance of visible 
symptoms, but maximum quantum efficiency of PSII 
(Fv/Fm) was altered well after symptom development. 
Visible/near infrared and chlorophyll fluorescence hy-
perspectral images detected changes before symptom 
appearance at low-density inoculation. The results of 
this study indicate that the P. cichorii infection sever-
ity can be detected by chlorophyll fluorescence assay 

and hyperspectral images prior to the onset of visible 
symptoms, indicating the feasibility of early detection 
of diseases. However, to detect disease development 
by hyperspectral imaging, more detailed protocols 
and analyses are necessary. Taken together, change in 
chlorophyll fluorescence is a good parameter for early 
detection of P. cichorii  infection in tomato plants. In 
addition, image-based visualization of infection sever-
ity before visual damage appearance will contribute to 
effective management of plant diseases.

Keywords : chlorophyll fluorescence, detection, hyper-
spectral image, phenome

Pathogen infection not only affects genomic and meta-
bolic reactions, but also leads to phenotypic changes in 
host plants. Plant resistance responses against microbial 
pathogens mainly involve the salicylic acid and jasmonic 
acid/ethylene-dependent signaling pathways. These 
regulate gene expression and generate accumulation of 
pathogenicity-related proteins, phytoalexins and/or other 
phenolic compounds, which are closely related to second-
ary metabolism (Dempsey and Klessig, 2012). In addition 
to disease development and resistance induction, patho-
gens may lead to changes in carbohydrate metabolism to 
proliferate in the infected tissues against reorganization of 
primary metabolism and relocation of metabolites in the 
host plants (Berger et al., 2007; Bilgin et al., 2010; Ehness 
et al., 1997).

In view of photosynthetic primary metabolism, light-
energy absorbed by chlorophyll is distributed over three 
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competing processes; it is used in photosynthesis or it is 
re-emitted as heat or fluorescence (Rodríguez-Moreno et 
al., 2008). Thus, an increase in chlorophyll fluorescence 
implies a decrease in photosynthesis and/or heat dissipa-
tion (Murchie and Lawson, 2013). Therefore, the sensi-
tivity of photosystem II (PSII) activity has been used to 
understand the photosynthetic mechanisms as well as the 
responses of plants to abiotic and biotic stresses (Murchie 
and Lawson, 2013; Pérez-Bueno et al., 2015; Wagner et 
al., 2006). Among the chlorophyll fluores cence parame-
ters, the maximum quantum efficiency of PSII (Fv/Fm) and 
quantum yield of PSII (ΦPSII) in the light-adapted state, 
and non-photochemical quenching (NPQ) are generally 
used to quantify the photosynthetic efficiency of plants.

Many pathogens target carbon metabolism or the pho-
tosynthetic apparatus and suppress photosynthesis of the 
infected plants (Berger et al., 2004; Bilgin et al., 2010; 
Bonfig et al., 2006). Tao et al. (2003) showed that down-
regulation of genes encoding photosynthetic functions 
was detectable earlier with an avirulent (incompatible) 
strain than with a compatible (virulent) strain during the 
interaction of Arabidopsis with Pseudomonas syringae. 
Zou et al. (2005) observed a decrease in ΦPSII as well as 
an increase in NPQ in leaf areas infiltrated with avirulent P. 
syringae pv. glycinea, although little effect was observed 
during compatible interaction. In contrast, Bonfig et al. 
(2006) reported that Fv/Fm, ΦPSII, and NPQ decreased 
earlier in hypersensitive reactions than in compatible in-
teraction when Arabidopsis was infected with P. syringae 
pv. tomato DC3000 (Pst DC3000), and the changes were 
restricted to the vicinity of the infection site. Rodríguez-
Moreno et al. (2008) observed that NPQ initially increas-
es during P. syringae pv. phaseolicola (compatible) or Pst 
DC3000 (incompatible) infection on bean plants, but then 
is decreases at the later stages of infection. By compiling 
evidence from previous reports, Rojas et al. (2014) argued 
that upregulation of primary metabolism modulates signal 
transduction cascades that lead to plant defense responses. 

A reliable, sensitive, and selective method for detecting 
and monitoring plant diseases is essential in the reduction 
of economic losses by diseases and the environmental 
impacts of fungicide use. Symptoms result from alteration 
of the infected tissues, and chlorosis has been identified 
as the main cause of reduced photosynthesis (Bilgin et al., 
2010; Ehness et al., 1997; Kolber et al., 2005). Because 
of the changes in metabolism underlying symptom devel-
opment, various spectroscopic and imaging techniques 
have facilitated the detection of plant diseases (Belin et 
al., 2013; Furbank and Tester, 2011; Wang et al., 2013). 
Among them, chlorophyll fluorescence analysis tech-
niques have been used for presymptomatic stress detec-
tion and can be used at lab to field scales, as well as in 

remote sensing (Berger et al., 2007; Chaerle et al., 2004; 
Murchie and Lawson, 2013; Pineda et al., 2011; Rodrí-
guez-Moreno et al., 2008). 

To the best of our knowledge, no study has reported the 
metabolic and phenotypic responses of host plants based 
on P. cichorii infection severity. Therefore, in this study, 
to investigate changes in host plants based on infection 
progression, we used tomato plants as model host and 
inoculated with different cell densities of P. cichorii by 
dipping leaves into bacterial suspensions, which mimics 
the natural infection process, and by syringe infiltration. 
After infection, we analyzed the development of symp-
toms and bacterial growth within the infected leaf tissues 
and evaluated the influence of disease severity on various 
parameters of chlorophyll fluorescence. Furthermore, vis-
ible/near infrared (VIS/NIR) and chlorophyll fluorescence 
hyperspectral images were analyzed to determine and dis-
tinguish the degree of infection.

Materials and Methods

Bacterial strain and inoculum preparation. P. cicho-
rii JBC1 (Yu and Lee, 2012) was revived from glycerol 
stock by streaking onto an Luria-Bertani (LB) agar plate 
and incubated at 25oC as needed. P. cichorii JBC1 cells 
from an overnight cultured LB plate were inoculated in a 
50 ml of LB broth containing vancomycin and incubated 
at 25oC overnight (Nagendran and Lee, 2015). Overnight 
culture was centrifuged for 10 minutes at 4,000 rpm, and 
the pellet was washed twice with distilled water (DW) 
followed by suspension in 10 mM MgCl2 solution. The 
concentration of the bacterial inoculum was adjusted to 
OD600 = 0.2 (1 × 108 colony forming unit (cfu)/ml) using 
a spectrophotometer. Cells were diluted 100-fold with 10 
mM MgCl2 to low concentrations (≤ 1 × 108 cfu/ml) or 
concentrated by centrifugation to higher concentrations (5 
× 108 cfu/ml), and a final concentration of 0.025% Silwet 
L-77 was added to each bacterial inoculum.

Pathogen inoculation and disease severity assay. To 
assay disease severity depending on inoculum concentra-
tion, 3- to 4-week-old tomato plant seedlings (Solanum 
lycopersicum cv. Seo Gwang) were subjected to infection 
with P. cichorii JBC1 (Hung et al., 2014) by dipping the 
leaves of each plant into one of the bacterial cell suspen-
sions (1 × 102, 104, 106, 108, and 5 × 108 cfu/ml) prepared 
as described above. After inoculation, the seedlings were 
air dried, allowed to grow in high humidity for 12 hours, 
and then transferred to a growth chamber at 25oC with a 
16-hour light/8-hour dark photoperiod, and 65–70% rela-
tive humidity. Control plants were treated with 10 mM 
MgCl2. Disease symptoms of infected leaves were record-
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ed 1, 2, and 3 days after inoculation (dai) by measuring 
percentage of the diseased leaf area using the histogram 
tool in Photoshop (CS5; Adobe Systems Corporation, 
San Jose, CA, USA), and disease severity of each treat-
ment was calculated using the following formula: Disease 
severity (%) = total percentage of diseased leaves/total 
number of leaves. Five leaves from five individual plants 
were tested for each treatment, and data were obtained 
from three independent experiments.

To assay whether the data obtained from dipping in-
oculation were comparable to those of syringe infiltration 
method, which enables localization of the inoculated area 
and symptom development, we infiltrated various cell 
concentrations (1 × 102, 104, 106, 108, and 5 × 108 cfu/
ml) into a half portion of tomato leaves using a needle-
less syringe. The infiltrated seedlings were exposed to 
high humidity and maintained in a growth chamber as 
described above and the leaves were used for chlorophyll 
fluorescence assay and image analysis.

In planta bacterial growth assay. Infected leaves from 
each plant were collected with a cork borer, and 1 cm2 
leaf disks were surface-sterilized with 15% H2O2 for 3 
minutes and washed twice with sterile DW. Tissues were 
homogenized in 1 ml sterile DW using a mortar and 
pestle and serially diluted and plated on LB agar media 
containing vancomycin (Nagendran and Lee, 2015). Bac-
terial colonies were counted after 24 hours of incubation 
at 25oC, and quantities of bacteria were calculated as cfu/
cm2. Three leaves were evaluated from each bacterial 
concentration (1 × 102, 104, 106, 108, and 5 × 108 cfu/ml), 
and each experiment was repeated at least three times. In 
planta bacterial growth was analyzed 1 and 3 dai.

Chlorophyll fluorescence kinetics. Chlorophyll fluo-
rescence was measured using a portable chlorophyll 
fluorometer MINI-PAM-II (Walz, Effeltrich, Germany) 
following the method of Rodríguez-Moreno et al. (2008) 
with minor modifications. The measuring system possess-
es a red actinic light (light-emitting diode [LED] emission 
peak 655 nm) plus far-red light (LED emission peak 740 
nm) for fluorescence excitation, actinic illumination, and 
saturating light pulses. Chlorophyll fluorescence was es-
timated using a dark leaf clip DLC-8 (8 mm in diameter; 
Walz) positioned at a right angle with respect to the leaf 
surface at a distance of 7 mm. The chlorophyll fluores-
cence of dipping inoculated plants was assessed from ran-
domly selected areas in non-symptomatic leaves or at the 
edges of symptomatic leaf areas at 1, 2, and 3 dai. Values 
from syringe infiltrated leaves were also obtained from 
three areas, the inoculated region, the edge of the water 
soaked or diseased area, and healthy places, and the val-

ues were compared with those from the dipping assay. 
Leaves were dark-adapted for 20 minutes before mea-

surement. After dark adaptation, Fv/Fm was measured by 
subjecting the leaves to a short pulse of 800 µmol m–2 s–1, 
and ΦPSII and NPQ were recorded under the presence of 
actinic light (300 µmol m–2 s–1). The readings were noted 
at regular intervals of 25 seconds to achieve saturation. 
The final steady state readings were used for analysis and 
to predict differences in control and infected plants. The 
values were automatically calculated by the WinControl-3 
software (Walz), and all parameters were obtained from 
attached leaves. Three leaves from three plants per treat-
ment were analyzed, and the experiments were repeated 
three times with similar results. 

Measurement of chlorophyll content. To measure the 
relative chlorophyll content in infected leaves, leaf tissues 
(100 mg) were soaked in 1 ml of 80% (v/v) acetone and 
homogenized using mortar. The homogenized mixture 
was centrifuged at 5,000 rpm for 10 minutes. The optical 
density of the supernatant was measured at 663 and 645 
nm, and total chlorophyll was determined using the fol-
lowing formula: total chlorophyll = 8.02 OD663 + 20.20 
OD645 (Farissi et al., 2013). Chlorophyll content was also 
measured using an SPAD-502 meter (Minolta Co., Tokyo, 
Japan), and both readings were compared. Chlorophyll 
content was measured 1, 2, and 3 dai from three leaves of 
three plants per treatment with three independent replica-
tions.

VIS/NIR and chlorophyll fluorescence hyperspectral 
image acquisition. The hyperspectral image system re-
ported by Lee et al. (2014) was used for this study with 
some modifications. The line scan imaging spectrograph 
(VIS/NIR Hyperspec; Headwall Photonics, Fitchburg, 
MA, USA) with a spectral range from 400 to 1,000 
nm was mounted together with an electron multiplying 
charge-coupled device (EMCCD) camera (Luca RDL-
604M; Andor Technology, South Windsor, CT, USA). The 
hyperspectral sensor system stood on a manual position-
ing XY-frame and was illuminated by six 100 W halogen 
lamps (Model DC-950; Dolan Jenner, Boxborough, MA, 
USA) with a fiber bundle placed in the inside bottom part 
of chamber. Imaging data were recorded in a dark cham-
ber to prevent the influence of external illumination and to 
realize constant measurement conditions. To obtain hyper-
spectral images, the infected leaves were detached from 
the plants and fixed horizontally on a black board directly 
before hyperspectral analysis. The board was placed on 
a table that was mobilized by a computer-controlled uni-
axial motor (0.025 m/sec, XNN10-0180-M02-21; Velmex 
Inc., Bloomfield, NY, USA). Hyperspectral images were 

302



Image-Based Analysis of Pseudomonas cichorii Infection

taken 1, 2, and 3 dai. One to three leaves from each of 
three plants per treatment were analyzed, and the experi-
ments were repeated at least three times. 

Hyperspectral chlorophyll fluorescence images were 
obtained using the same image system as described 
above. The illumination system was composed of 4 ultra-
violet (UV) LEDs (365 nm). The mounted leaf samples 
were dark-adapted for 20 minutes before measurements, 
exposed to UV light for 2 minutes, and the steady-state 
chlorophyll fluorescence images were captured. 

The hyperspectral images from the two cameras were 
recorded on a personal computer, and MATLAB software 
(version 7.0.4; Mathworks, Natick, MA, USA) was used 
to process and analyze hyperspectral images. For each 
series of measurements, white and dark calibrations were 
performed to obtain the reflectance R from the raw data. 
Wavelengths were selected by principal component anal-
ysis (PCA) and used for spectroscopy analysis.

Results

Disease severity and symptom development according 
to infection degree. Infection severity, along with a num-
ber of physiological or environmental factors, has been 
demonstrated to influence the expression of disease symp-

toms. To regulate infection severity and symptom devel-
opment, we inoculated tomato plants with different cell 
densities of P. cichorii JBC1. When the leaves of tomato 
plants were infected with a high dose of cells (≥ 108 cfu/
ml), evident necrotic lesions developed within a day (Fig. 
1, Supplementary Fig. 1). Although symptom develop-
ment was delayed and reduced in comparison with that of 
high inocula, small necrotic spots were also observed with 
106 cfu/ml inoculation by 1 dai. At 3 dai, disease severity 
was 1.5%, 11.0%, and 17.0% when 106, 108, and 5 × 108 
cfu/ml cells were inoculated, respectively. However, no 
visible symptoms were observed at either 102 or 104 cfu/
ml inoculation until 3 dai. The highest bacterial dosage (5 
× 108 cfu/ml) sometimes induced water-soaked symptoms 
in whole young leaves after high humidity treatment, and 
the leaves dried out by 1 dai. 

Internal growth of P. cichorii in tomato leaves. We fur-
ther evaluated the in planta growth of P. cichorii JBC1 by 
quantifying internal populations in infected leaf tissues. 
The bacterial cell population was significantly lower by 
inoculation with 106 cfu/ml of cells (1.6 × 103 cfu/cm2) 
compared to inoculation with 108 cfu/ml (6.8 × 104 cfu/
cm2) at 1 dai (Fig. 2). The difference in internal bacterial 
populations between high (≥ 108 cfu/ml) and low (≤ 106 
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Fig. 1. Disease severity in tomato plants after inoculation with 
different cell concentration of Pseudomonas cichorii JBC1. 
Leaves of 3- to 4-week-old tomato plants were treated with var-
ious cell concentrations (1 × 102, 104, 106, 108, and 5 × 108 cfu/
ml) of P. cichorii via the dipping method, allowed to grow in 
high humidity for 12 hours, and incubated in a growth chamber 
at 25oC with a 16-hour light/8-hour dark photoperiod. Disease 
severity in infected leaves was measured by direct estimation 
of the disease area percentage 1, 2, and 3 days after inoculation 
(dai). The data obtained are the mean ± standard deviation from 
three independent experiments. Means with the same letter were 
not significantly different on Tukey’s rest (P ≤ 0.05) run on SAS 
software.
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Fig. 2. Assessment of in planta population growth of Pseudo-
monas cichorii JBC1. Leaves of 3- to 4-week-old tomato plants 
were dipped in various bacterial cell concentrations (1 × 102, 
104, 106, 108, and 5 × 108 cfu/ml), and the infected leaves were 
collected and homogenized 1 and 3 days after inoculation (dai). 
Serially diluted samples were plated onto Luria-Bertani agar 
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values denoted by the same letters are not significantly different 
at P ≤ 0.05 according to Tukey’s test.
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cfu/ml) cell inoculations directly correlated with disease 
severity in the tomato leaves. No bacterial cells were de-
tected from the leaf samples of ≤ 104 cfu/ml inoculation.

Changes in photosynthetic efficiency. Infection of host 
plants by pathogens leads not only to the induction of 
defense reactions but also to changes in carbohydrate 
metabolism. To investigate the influence of disease sever-
ity on photosynthesis levels, changes in photosynthetic 
activity of tomato plants were assessed after inoculation 
with different amounts of bacterial cells. While Fv/Fm re-
mained stable in low-dose inoculated leaves (≤ 104 cfu/
ml), the value progressively and significantly decreased in 
high-dose inoculated leaves (≥ 108 cfu/ml) over the first 3 
dai, which correlated to differences in extent of symptom 
development (Fig. 3A). Even with inoculation of 106 cfu/
ml cells, the values were slightly decreased, indicating a 
loss in the efficiency of primary photochemistry related to 
symptom development, but the photosynthetic efficiency 
was stably maintained until 3 dai. 

We also analyzed ΦPSII at different time points after in-
fection with different cell densities. The changes in ΦPSII 
were dependent on inoculum densities and occurred 
earlier and to a greater extent in leaves inoculated with 
higher concentrations of bacterial cells (Fig. 3B). The 
value of ΦPSII at low concentrations of inocula (≤ 104 
cfu/ml) decreased at 2 and 3 dai compared to those of the 
control. The values were significantly suppressed from 1 
dai and decreased to 0.16, 0.09, and 0.06 at 106, 108, and 
5 × 108 cfu/ml, respectively, 3 dai. The results indicated 
that even low concentrations of inoculation influenced 
ΦPSII from the initial infection stage. Bacterial infection 
severely paralyzes photosynthesis of infected plants, and 
the infection leads to a decline in Fv/Fm, ΦPSII, and NPQ 
before symptoms are visible with naked eye (Bonfig et 
al., 2006). In our study, changes in ΦPSII were observed 
at low concentrations even when the leaves had no visible 
symptoms, which may help us to detect the presence of 
pathogens in plants before symptom development. 

In general, differences in NPQ values did not correlate 
with inoculated cell concentrations and symptom devel-
opment. The NPQ values, which were detectable from 1 
dai, slightly increased by inoculation with pathogens (Fig. 
3C). At lower bacterial concentrations of 102 and 104 cfu/
ml, the NPQ values increased slightly up to 0.48 and 0.49, 
respectively, by 3 dai. NPQ values decreased at high con-
centrations (5 × 108 cfu/ml) of inoculation because of the 
heavy tissue damage. 

Changes in chlorophyll content in pathogen-inoculat-
ed leaves. Chlorosis by infection with pathogens has been 
recognized as a main cause of reduced photosynthesis and 
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Fig. 3. Time course changes of chlorophyll fluorescence param-
eters depending on inoculum densities. (A) Maximum quantum 
efficiency of photosystem II (PSII) (Fv/Fm), (B) effective PSII quan-
tum yield (ΦPSII), and (C) non-photochemical quenching (NPQ) 
are shown. Leaves of 3- to 4-week-old tomato plants were dipped 
in various cell concentrations (1 × 102, 104, 106, 108, and 5 × 108 
cfu/ml), exposed to high humidity for 12 hours, and incubated in a 
growth chamber at 25°C with a 16-hour light/8-hour dark photo-
period. The efficiency of excitation capture was recorded after the 
dark adapted state 1, 2, and 3 days after inoculation (dai). The data 
obtained represent the mean ± standard deviation from three inde-
pendent experiments with three replicates. Means with the same 
letter were not significantly different on Tukey’s test (P ≤ 0.05).
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decreased yield. To evaluate the direct influence of bacte-
rial infection on chlorophyll, we assayed the time course 
change in chlorophyll content (Fig. 4). A decrease in 
chlorophyll content was observed 1 dai only when plants 
were inoculated with high inoculum densities (≥ 108 cfu/
ml), and the content went down significantly up until 3 
dai, indicating the collapse of chlorophyll. 

VIS/NIR hyperspectral images. Necrotic or chlorotic 
lesions caused by pathogen infection influence the reflec-
tance of infected tissues. In this study, among visible and 
infrared spectra, wavebands from 478 to 683 nm were 
the most effective for detecting non- or pre-symptomatic 
infection, which were identified using PCA-based statisti-
cal methods. The VIS/NIR hyperspectral images obtained 
from syringe-infiltrated leaves 1 dai allowed for differ-
entiation between infected and non-infected areas of P. 
cichorii-inoculated tomato leaves (Fig. 5). In general, the 
VIS/NIR spectra of infected areas shifted from yellow 
into red according to the necrotic severity. Although there 
were no visible symptoms in the control leaves, non-
symptomatic changes were clearly detected in the VIS/
NIR images at low inocula (≤ 104 cfu/ml) 3 dai. In addi-
tion, although the hyperspectral images discerned symp-
tomatic from pre-symptomatic tissue areas, the physical 
damages were not clearly differentiated from pathogenic 
necrosis or infection.
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Fig. 4. Changes in chlorophyll content in leaves of tomato 
plants infected by Pseudomonas cichorii JBC1. Leaves of 3- to 
4-week-old tomato plants were dipped in various cell concen-
trations (1 × 102, 104, 106, 108, and 5 × 108 cfu/ml), exposed to 
high humidity for 12 hours, and incubated in a plant growth 
room at 25°C with a 16-hour light/8-hour dark photoperiod. The 
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ments with three replicates. Means with the same letter were not 
significantly different on Tukey’s test (P ≤ 0.05).
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perspectral images of tomato leaves 
infected with Pseudomonas cichorii 
JBC1. Leaves of 3- to 4-week-old 
tomato plants were infiltrated with 
va rious cell concentrations (1 × 102, 
104, 106, 108, and 5 × 108 cfu/ml) of 
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are displayed with the help of a false 
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8.0 (purple). Representative measure-
ments are shown here.
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Based on the changes in parameters from the syringe 
infiltration assay, leaves inoculated by the dipping method 
were also investigated. The images obtained of leaves 
inoculated with 102 cfu/ml of P. cichorii by the dipping 

method showed no difference from the MgCl2-inoculated 
control (Fig. 6). However, plants inoculated with 104 cfu/
ml by the same method showed yellow spots in hyper-
spectral images compared to the uninoculated control 1 
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JBC1. Leaves of 3- to 4-week-old 
to mato plants were dipped in vari-
ous cell concentrations (1 × 102, 
104, 106, 108, and 5 × 108 cfu/ml) of 
P. cichorii, exposed to high humid-
ity for 12 hours, and incubated in a 
growth chamber at 25°C with a 16-
hour light/8-hour dark photoperiod. 
Im ages were obtained 1 and 3 days 
after inoculation (dai). Images of 
the fluorescence parameters are dis-
played with the help of a false color 
code ranging from 2.0 (black) to 8.0 
(purple). Representative measure-
ments are shown here.
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Fig. 7. Chlorophyll fluorescence 
im ages of tomato leaves inoculated 
with different densities of Pseudo-
monas cichorii JBC1 cells. Leaves 
of 3- to 4-week-old tomato plants 
were infiltrated with various cell 
concentrations (1 × 102, 104, 106, 
108, and 5 × 108 cfu/ml) of P. cicho-
rii using a needleless syringe, ex-
posed to high humidity for 12 hours, 
and incubated in a growth chamber 
at 25°C with a 16-hour light/8-hour 
dark photoperiod. The images were 
obtained 1 and 3 days after inocula-
tion (dai). Images of fluorescence 
parameters are displayed with the 
help of a false color code ranging 
from 1.2 (black) to 1.9 (purple). 
Representative measurements are 
shown here.
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dai, and the color weakened by 3 dai, indicating invisible 
influence in the initial 104 cfu/ml inoculation. The VIS/
NIR images from leaves inoculated with 106 cfu/ml also 
showed clear differentiation between infected areas 1 dai 
despite lack of visible symptoms, which suggests pre-
symptomatic detection of infection. The infected areas, 
which showed no visible symptoms or symptomatic 
areas, were also distinguished by hyperspectral images 
with a 108 cfu/ml inoculum 1 and 3 dai. In addition, since 
shifts in the spectrum occurred locally at the infection site 
and in the tissues immediately surrounding the sites, these 
results indicate that pre-symptomatic infections can also 
be visualized using a VIS/NIR hyperspectral imaging sys-
tem.

Chlorophyll fluorescence hyperspectral images. Infec-
tion by pathogen influences reflectance of chlorophyll flu-
orescence, which causes a change in the spectrum. In this 
study, chlorophyll fluorescence images of areas infected 
by syringe infiltration shifted into blue (Fig. 7). Although 
leaves inoculated with ≤ 104 cfu/ml did not show visible 
symptoms 1 and 3 dai, changes in the chlorophyll fluo-
rescence images were observable compared to the control 
(MgCl2), indicating an invisible interaction at 104 cfu/
ml inoculation. The images obtained from a high-density 
inoculation (≥ 106 cfu/ml) clearly showed differentiable 
blue spots in the infected areas. Although the differences 
between symptomatic areas and pre-symptomatic areas 
(nearby) were not visibly discernible, the hyperspectral 
images were able to identify differences and showed 
blurry blue spots in the pre-symptomatic areas.

The images obtained from the leaves infected by dip-
ping inoculation did not show differentiation between 
infected and non-infected areas (Supplementary Fig. 2). 
Because the changes in color in the P. cichorii inoculated 
leaves were not detectable after MgCl2 infiltration, they 
were presumably due to the pathogen infection, but fur-
ther studies are needed to corroborate this evidence. 

Discussion

Pathogen infection influences metabolic and phenotypic 
reactions, as well as genomic responses in plants. In this 
study, to understand the photosynthetic responses of host 
plants to infection severity by bacterial pathogens, we 
inoculated different cell densities of P. cichorii into to-
mato plants by dipping and syringe infiltration methods. 
Necrotic symptoms developed within a day when the 
leaves of tomato plants were infected with high doses of 
bacterial cells (≥ 106 cfu/ml), while no visible symptoms 
were observed at ≤ 104 cfu/ml inoculation until 3 dai 
(Fig. 1, Supplementary Fig. 1). In a previous study by 

Looseley and Newton (2014), variations in the degree of 
symptom expression were caused by differences in levels 
of infection and plant genotype. Flood inoculation of to-
mato seedlings with OD600 = 1 (2–5 × 108 cfu/ml) of Pst 
DC3000 caused severe necrotic symptoms within 1 dai, 
but seedlings inoculated with OD600 = 0.1 (2–5 × 107 cfu/
ml) exhibited discrete necrotic lesions 3 dai (Uppalapati et 
al., 2008). Disease in wheat and coriander inoculated with 
Xanthomonas translucens pv. translucens and P. syringae 
pv. coriandricola, respectively, also developed faster and 
more severely at higher (> 107 cfu/ml) inocula (Refshauge 
et al., 2010; Stromberg et al., 1999). 

Symptom development in tomato plants depending on 
P. cichorii inoculum concentration corresponded to bac-
terial cell growth in the infected tissues, which showed 
similar results to previous studies (Rodríguez-Moreno et 
al., 2008; Stromberg et al., 1999; Uppalapati et al., 2008). 
Pauwelyn et al. (2011) reported that single sprinkler irri-
gation with water containing 102 cfu/ml of P. cichorii was 
sufficient to cause midrib rot in butterhead lettuce, and 
significantly higher disease was caused at 106 cfu/ml in-
oculation. In spite of no disease even at 104 cfu/ml inocu-
lation in our study, development of symptoms by 102 cfu/
ml of P. cichorii on butterhead lettuce due to differences 
in the inoculum quantity and condensation of inocula be-
tween the lettuce leaves related to overhead sprinkler us-
age and because of differences in the environment. In our 
study, we also sometimes observed necrosis of leaf edges 
with ≤ 104 cfu/ml of dipping inoculation with P. cicho-
rii, indicating condensation of inocula in water droplets 
formed at the edges of the leaves.

In most previous reports, because of technical difficul-
ties in differentiating between infected and uninfected 
areas, the influences of pathogen infection on chlorophyll 
fluorescence was studied using syringe infiltration meth-
ods (Bonfig et al., 2006; Rodríguez-Moreno et al., 2008). 
In this study, to understand the influence of infection 
severity on chlorophyll fluorescence based on the obser-
vations from syringe infiltration assay, tomato leaves in-
fected with P. cichorii by dipping methods were assayed 
to mimic a natural infection rather than an apoplastic 
inoculation. Fv/Fm and ΦPSII were significantly decreased 
in high-dose inoculated tomato leaves (≥ 108 cfu/ml) dur-
ing the first 3 dai, which corresponds to the differences in 
symptom development. The ΦPSII value was decreased 
at low inoculation concentrations (≤ 104 cfu/ml), which 
showed no visible symptoms. Infection of Arabidopsis 
by virulent and avirulent strains of Pst DC3000 led to a 
localized decline in Fv/Fm, ΦPSII, and NPQ before symp-
toms were visible to the naked eye (Bonfig et al., 2006). 
In addition, the changes occurred earlier and to a greater 
extent in leaves inoculated with the avirulent strain than 
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in leaves inoculated with the virulent strain, and they 
were also dependent on inoculum density. In bean leaves 
inoculated with low-dose (104 cfu/ml) P. s. pv. phaseoli-
cola, there was no significant impact on Fv/Fm or ΦPSII 
(Rodríguez-Moreno et al., 2008). Therefore, the decrease 
in Fv/Fm and ΦPSII by inoculation of high concentrations 
(≥ 106 cfu/ml) indicate that P. cichorii may directly para-
lyze the PSII reaction centers.

There was only a slight reduction of NPQ in bean 
leaves inoculated with low-dose (104 cfu/ml) P. s. pv. 
phaseolicola (Rodríguez-Moreno et al., 2008). In our 
study, changes in NPQ values were not correlated with 
inoculated cell concentrations or symptom development. 
NPQ values increased slightly at low inoculation con-
centrations, but significantly decreased because of heavy 
tissue damage at high concentrations. Pérez-Bueno et al. 
(2015) suggested an initial increase of NPQ followed by 
a decline by suppression of the thylakoid when bacterial 
concentrations reach a certain level. In this study, among 
the three parameters analyzed, we observed that ΦPSII 
maximized the difference between the inoculum densities.

Chlorophyll metabolism in the chloroplast, which is 
involved in regulation of defense signaling upon various 
stresses (Kangasjärvi et al., 2012), is reduced by pathogen 
infection. Pathogen infection causes collapse of chloro-
phyll. In this study, a reduction in chlorophyll content was 
observed 1 dai only when plants were inoculated with 
high inoculum densities (≥ 106 cfu/ml), and the decrease 
progressed until 3 dai. Since pathogens cause a reduction 
in leaf chlorophyll content due to necrotic or chlorotic le-
sions at later stages of infection, differentiation of extent 
and titer of inoculum concentrations was less informative 
than the chlorophyll fluorescence assay.

The detection of plant colonization by pathogens before 
the appearance of typical disease symptoms is crucial to 
controlling plant diseases. Recently, based on changes in 
plant physiology by pathogen infection, the development 
of imaging techniques, such as VIS/NIR and chlorophyll 
fluorescence hyperspectral and thermal imaging, facili-
tated the analysis of modulation in primary and second-
ary metabolism during biotic stresses (Belin et al., 2013; 
Pineda et al., 2011; Wagner et al., 2006). In this study, to 
select the wavelengths best suited for classifying infected 
leaves from healthy leaves and to visualize bacterial 
infection before symptom development, we inoculated 
various concentrations of P. cichorii into tomato plants 
and obtained VIS/NIR and chlorophyll fluorescence im-
ages. Among the VIS/NIR spectra from 400 to 1,000 
nm, wavebands from 478 to 683 nm were selected using 
PCA-based statistical methods as the most effective for 
detecting pathogen infection. The VIS/NIR spectra in 
the infected areas shifted from yellow to red as necrosis 

progressed. Furthermore, the images identified non-symp-
tomatic changes as well as pre-symptomatic changes, 
while physical damage was not clearly differentiated from 
pathogenic necrosis. 

Delalieux et al. (2007) reported that hyperspectral 
spectra from 1,350 to 1,750 nm and 2,200 to 2,500 nm 
were effective for classification of Venturia inaequalis-
infected leaves from healthy leaves in early disease stag-
es, whereas wavelengths of 580–660 nm and 688–715 
nm were effective for identifying infected leaves at more 
developed stages of infection. And among the statistical 
methods, logistic regression analysis, partial least squares 
logistic discriminant analysis, and tree-based modeling 
were preferred for classification. Purcell et al. (2009) ob-
tained NIR spectroscopy and used PCA and PLS-based 
statistical methods to rate sugarcane resistance against 
Fiji leaf gall disease in sugarcane. In this study, chloro-
phyll fluorescence at 365 nm and 410 nm was effective in 
differentiating infected areas by shifting the spectra of the 
infected leaf areas to a blue color. 

A detailed understanding of plant physiological pro-
cesses related to specific diseases as well as detection 
and quantification of disease is indispensable. Overall, 
the results of this study demonstrate plant responses in 
photosynthesis depending on infection severity. Infection 
by P. cichorii led to changes in chlorophyll fluorescence 
parameters before visible symptoms were detectable, and 
infections that were not yet symptomatic also induced 
changes in the photosynthetic parameters. Our present re-
sults suggest that chlorophyll fluorescence measurements 
can be used as markers of infection. Furthermore, VIS/
NIR and chlorophyll fluorescence hyperspectral image 
systems will provide information on the development of 
early detection techniques.
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