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Fusarium oxysporum f. sp. cubense (FOC) causes Fusarium wilt, one of the most 
concerning diseases in banana (Musa spp.), compromising global banana production. 
There are limited curative management options after FOC infections, and early Fusarium 
wilt symptoms are similar with other abiotic stress factors such as drought. Therefore, 
finding a reliable and timely form of early detection and proper diagnostics is critical for 
disease management for FOC. In this study, Portable Raman spectroscopy (handheld 
Raman spectrometer equipped with 830 nm laser source) was applied for developing a 
confirmatory diagnostic tool for early infection of FOC on asymptomatic banana. Banana 
plantlets were inoculated with FOC; uninoculated plants exposed to a drier condition were 
also prepared compared to well-watered uninoculated control plants. Subsequent Raman 
readings from the plant leaves, without damaging or destroying them, were performed 
weekly. The conditions of biotic and abiotic stresses on banana were modeled to examine 
and identify specific Raman spectra suitable for diagnosing FOC infection. Our results 
showed that Raman spectroscopy could be used to make highly accurate diagnostics 
of FOC at the asymptomatic stage. Based on specific Raman spectra at vibrational bands 
1,155, 1,184, and 1,525 cm−1, Raman spectroscopy demonstrated nearly 100% accuracy 
of FOC diagnosis at 40 days after inoculation, differentiating FOC-infected plants from 
uninoculated plants that were well-watered or exposed to water deficit condition. This 
study first reported that Raman spectroscopy can be used as a rapid and non-destructive 
tool for banana Fusarium wilt diagnostics.

Keywords: Raman spectroscopy, Fusarium wilt, banana, diagnostics, Fusarium oxysporum f. sp. cubense

INTRODUCTION

Fusarium oxysporum is noted to be  one of the most significant plant-pathogenic fungi, with 
various formae speciales able to infect over 100 different hosts including important crops 
(Dean et  al., 2012). Fusarium oxysporum f. sp. cubense (FOC) is the main causal agent of 
Fusarium wilt or Panama disease in banana (Musa spp.; Ploetz, 2006) and considered as the 
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most economically important fungal pathogen in current banana 
production. A new tropical race 4 of FOC (FOC TR4) has 
been found to cause high mortality of Cavendish cultivars, 
the primary commercial and most internationally traded type 
of banana. This fatal banana disease by FOC TR4 continues 
spreading in major banana-producing areas of the world (Ploetz, 
2006; Garcia-Bastidas et al., 2019), predisposing banana industries 
to high risk of yield losses (Ploetz, 2006).

The initial symptoms of Fusarium wilt by FOC TR4 are 
similar to other types of stresses. The xylem of the roots takes 
a reddish-brown color at the initial site of infection. Vascular 
discoloration progresses through the rhizome and ultimately 
arrives in the pseudostem. As the pathogen grows in the plant 
vascular system, the flow of water and nutrients is restricted 
causing older leaves to begin yellowing, wilting, and splitting. 
Later, younger leaves yellow, and the whole plant completely 
wilts (Ploetz, 2006).

There are currently limited options for Fusarium wilt 
management in banana. Cavendish cultivars are generally 
susceptible to FOC TR4, while few cultivars with resistance 
are available. Fungicide application and soil fumigation delay 
the fungal progression in the short term but cannot hold its 
encroachment in the long term. Once infected, FOC cannot 
be  eliminated from infected plants or soils (Ploetz, 2006). 
Chlamydospores or plant materials parasitized by mycelium 
of FOC can survive up to 30 years outside of living banana 
plants, making it difficult to eradicate the disease from infected 
fields (Stover, 1962). Thus far, the only reliable controls have 
been preventative measures, including quarantine, sterilization 
of equipment, and burning infected plants and fields (Ghag 
et  al., 2015).

Given this lack of curative management solutions for Fusarium 
wilt, proper diagnosis in plants is even more imperative. Current 
diagnostic testing of FOC depends on the polymerase chain 
reaction (PCR) method. While the PCR method is reliable, it 
requires extraction and purification of high-quality DNA, which 
is often difficult to acquire and takes time because pathogen 
isolation from infected tissue is necessary. Delayed test results 
may lead to greater spread of plant diseases (Schaad et  al., 
2003). Further complicating matters, banana leaves do not 
exhibit Fusarium wilt symptoms until the plant has become 
irrevocably damaged (Lin et  al., 2020). The current best 
diagnostics of FOC conducted with asymptomatic plants at 
the early infection stage requires taking samples from 
pseudostems; however, this sampling process is destructive, 
after which the plants may be  destroyed.

Raman spectroscopy (RS) is a modern analytical technique 
that provides information about molecular vibrations and, 
consequently, the structure and composition of the analyzed 
samples (Virkler and Lednev, 2009; Yeturu et  al., 2016; Kadam 
et  al., 2017; Mandrile et  al., 2019; Gupta et  al., 2020). The 
Raman effect is based on a phenomenon of inelastic light 
scattering of photons by molecules that are being excited to 
higher vibrational or rotational states. (Long, 2002; Farber 
et  al., 2019a; Payne and Kurouski, 2021). A growing body of 
evidence shows that RS can detect mutations in a plant’s DNA 
or RNA down to a single molecule (Kadam et al., 2014, 2017). 

Previous studies have demonstrated that RS could detect plant 
biochemistry resulting from biotic and abiotic stresses in plants 
ranging from roses to tomatoes to wheat to oranges (Farber 
et  al., 2019a; Payne and Kurouski, 2021). Raman scattering 
changes in plants intrigued by pathogen infection or 
environmental stresses could be  detected and differentiated by 
RS (Farber and Kurouski, 2018), allowing for the confirmatory 
diagnostics of plant diseases (Farber et al., 2019a, 2020; Sanchez 
et  al., 2020a,b,c).

Given the plausibility of RS application to plant disease 
detection, the objective of this study is to develop a 
non-destructive RS method for diagnosing early FOC infection 
in asymptomatic banana plants.

MATERIALS AND METHODS

FOC Inoculum Preparation
FOC TR4 culture (ATCC® 96289™) was obtained from the 
American Type Culture Collection, Manassas, Virginia, 
United  States. The origin is an isolate from Cavendish banana 
in southeastern Queensland, Australia (Moore et al., 1991). Mung 
bean broth was used to produce conidia for inoculation (Garcia-
Bastidas et  al., 2019). Mung beans (20 g) were boiled in a 1 L 
flask containing 500 ml water for 35 min and cooled down. This 
broth was corked with a cotton and cheesecloth plug, autoclaved 
for 1 h, and allowed to cool to room temperature. At this point, 
five agar plugs approximately 2.5 cm by 2.5 cm from actively 
growing FOC mycelium on potato dextrose agar medium were 
added to the flask, which then was placed and incubated in 
an orbital shaker (Model 5000IR, VWR, Radnor, PA) at 25°C 
and a 150-rpm rotating speed. After 6 days, the liquid culture 
was strained out using miracloth (Electron Microscopy Sciences, 
Hatfield, Pennsylvania, United States), and conidia were collected. 
Harvested conidia were diluted to 106 conidia ml−1.

Treatments and Greenhouse Conditions
Dwarf Cavendish banana offshoots (3-leaf stage) were obtained 
from Hello Organics, Apopka, Florida, United  States. Plants 
were transferred to one-gallon pots with potting soil (Jolly 
Gardener Products, Proline C/25 Potting Mix, Atlanta, Georgia, 
United States) and kept in a greenhouse conditioning as 27–30°C, 
25–50% humidity, and a 12-h natural light cycle. Watering 
using reverse osmosis treated water (RO water) was provided 
twice a day plus a 4-h misting to increase humidity in the 
afternoon. Liquid fertilizer (Miracle Grow All Purpose Plant 
Food, Marysville, Ohio, United  States) was added at the first 
day of each month.

Nine banana plants were divided into three groups of three 
plants and randomly assigned with three treatments: (i) 
uninoculated and well-watered with daily irrigation (Control 
group), (ii) FOC-inoculated and well-watered with daily irrigation 
(FOC group), and (iii) uninoculated and water-deficient with 
every other day irrigation (Drought group). Average of volumetric 
water content in the soil was 42.8% before watering and 50% 
after watering under daily irrigation regime; and 17.6% before 
watering and 35% after watering under every other day regime. 
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The FOC group was inoculated with 200 ml of FOC conidial 
solution (106 conidia ml−1) per pot (Garcia-Bastidas et  al., 
2019). All environmental conditions remained the same for 
the control and FOC groups. The drought group had 
non-inoculated plants that were exposed to the water deficit 
condition. After exposure to the same daily irrigation regime, 
the plants of the drought group were moved away from the 
misting area and given water every other day starting at 1 month 
after inoculation (DAI), the same day Raman spectroscopy 
measurement on samples began to be  taken.

Upon the conclusion of the experiment after about 3 months, 
banana plants were harvested to confirm infections in plants. 
Plant pseudostems were split to determine symptom development 
in the early infection stage. Photographs of the pseudostem 
cross-sections were taken, and symptomatic areas showing 
discoloration were measured using ImageJ.JS software (Ouyang 
et  al., 2019) to give a quantitative value to the disease.

The experiment was completely randomized design with 
three replicates (the first trial) and five replicates (the second trial).

Raman Spectroscopy
RS was conducted weekly for examining plants starting 33 
DAI and continued until 75 DAI. Raman spectra were taken 
from plants (top three fully expanded leaves in the areas 
between the leaf veins) with a handheld Resolve Agilent 
spectrometer equipped with 830 nm laser source. Over the 
course of the whole experiment, spectra were taken in the 
same location and at approximately the same time on the 
day. Locations for spectral acquisition were randomly taken 
across plant leaves; 2–3 spectra were taken per one plant 
leaf. In total, 50 spectra were collected per sample (Control, 
FOC and Drought groups) per day. The following experimental 
parameters were used for all collected spectra: 1 s acquisition 
time, 495 mW power, and baseline spectral subtraction by 
device software (Agilent, Santa Clara, CA, United  States). 
Fifty spectra were collected from each group of plants at the 
given timepoint; no distinctions were made for individual 
plants within each group.

Multivariate Data Analysis
PLS_Toolbox software (Eigenvector Research Inc., Manson, 
Washington, United  States) was used for the statistical analysis 
of collected Raman spectra. First, derivative was taken from 
raw Raman spectra with a filter width of 45 and polynomial 
order 2, and spectra were median centered. Partial least squares 
discriminant analysis (PLS-DA) was performed to determine 
the number of significant components and identify spectral 
regions that best explain the separation between the three 
groups of banana plants. To give each of the spectral regions 
with equal importance, all spectra were scaled to unit variance. 
Raw spectra, containing wavenumbers 350–2000 cm−1, were 
retained in the model that resulted from this iteration of 
PLS-DA. In both trials, bananas were grown and inoculated 
identically, and Raman spectra were collected weekly starting 
at 33 DAI at the same time of day to eliminate controllable 
variation between classes and trials. However, some variation 

in banana was left unaltered in the statistical analysis such as 
randomly chosen locations of laser scans on the leaves to 
demonstrate the repeatability of the results. In parallel, Kruskal–
Wallis one-way analysis of variance was used to determine 
the significance of changes in intensities of the observed 
vibrational bands. Kruskal–Wallis one-way analysis tests whether 
the median in a set of samples is significantly different from 
other classes. The null hypothesis of this test was that there 
was no significant difference at the band of interests. The 
significant level (α) was 0.05. The Kruskal–Wallis also reported 
a 95% confidence interval for the true value of median for 
each compared group.

RESULTS

Disease Progression
Early disease symptoms in leaves such as yellowing and drooping 
started to exhibit themselves at 75 DAI of the first trial. At 
the end of experiment (89 DAI), FOC-inoculated plants had 
an average discolored area of 5.717% in pseudostem cross-
sections (dark black and brown necrotic tissues compared to 
healthy white and light-yellow tissue; Figure 1). Minor discolored 
areas shown in pseudostems images of the Control group were 
also detected due to shadow, soil particulate, and other slight 
darkening, as the ImageJ.JS software only distinguished color 
by pixel. Drought-stressed plants increased yellowing of upper 
leaves compared to Control plants at 75 DAI but similar to 
FOC-inoculated plants. Raman samples were taken from the 
Drought group throughout the experiment; however, this group 
was not harvested for pseudostem examination.

The second trial showed similar results. Early symptoms of 
yellowing in leaves of plants in both Drought and FOC groups 
began to be  exhibited at 72 DAI; plants were harvested at 
this time before clear symptoms appeared. FOC-inoculated 
plants showed average 0.42% of discoloration in pseudostem 
cross-section areas (Figure  2). As with the first trial, Control 
and Drought group plant images showed minor darker spots 
that were not caused by FOC infection.

Raman-Based Diagnostics of Fusarium 
Wilt
Raman spectra determined three different treatments of Control, 
FOC, and Drought groups at the accuracy of 76, 88, and 85%, 
respectively, as early as 40 DAI, when disease symptoms on 
leaves were not developed (Table  1). The detection accuracy 
continuously increased as the disease progressed on later DAI 
and reached >90% on 61–75 DAI. From 40 DAI, FOC-inoculated 
plants could be differentiated from Drought group at 99–100% 
accuracy.

Spectra collected from banana leaves exhibited vibrational 
bands that could be  assigned to four classes of chemical 
compounds: (i) carbohydrates, including cellulose (480, 520, 
853, 915, and 1,047 cm−1) and pectin (747 cm−1), (ii) carotenoids 
(1,000, 1,085, 1,115, 1,155, 1,184, 1,218, 1,525, and 1,545 cm−1), 
and (iii) Phenylpropanoids (1,601 and 1,630 cm−1), and (iv) 
proteins (1,654 cm−1; Table  2 and Figure  3). Other vibrational 
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FIGURE 1 | Banana Fusarium symptom development in pseudostem cross-sections during the first trial at 89 days after inoculation (DAI). Pure white areas are 
cover for areas in the image that are not part of the pseudostem. Percentage of diseased areas (denoted by large continuous red areas in the images) was 
measured in FOC-inoculated plants using ImageJ.JS software, showing discoloration caused by disease infection. Red areas were shown in the Control group due 
to shadow, soil particulate, and other factors darkening parts of the images because ImageJ.JS software only distinguishes color by pixel. The Drought group plants 
were not harvested for pseudostem examination in this trial.

FIGURE 2 | Banana Fusarium symptom development in pseudostem cross-sections during the second trial at 79 days after inoculation (DAI). Pure white areas are 
cover for areas in the image that art not part of the pseudostem. Percentage of diseased areas (denoted by large continuous red areas in the images) was measured 
in FOC-inoculated plants using ImageJ.JS software, showing discoloration caused by disease infection. Red areas were shown in the Control and Drought group 
due to shadow, soil particulate, and other factors darkening parts of the images because ImageJ.JS software only distinguishes color by pixel.
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bands observed in this study were assigned to aliphatic (C–H 
and CH2) vibrations (1,288, 1,326, 1,382, 1,440, and 1,488 cm−1). 
However, these chemical moieties are present in nearly all 
classes of biological molecules and therefore could not 
be  assigned to a certain class of chemical compounds.

Raman spectra collected from pre-symptomatic plants at 
47 DAI were mostly similar among different treatment groups 
(Figure 3). Nevertheless, a small increase in the Raman spectral 
intensity of carotenoids was detected in plants inoculated with 
FOC or under drought stress, compared with the uninoculated 
well-watered control plants.

At 75 DAI, plants exhibited drastically different spectra 
among different groups of banana plants. In the drought group, 
comparing with the control group, a drastic decrease in the 
Raman intensity of carotenoids and pectin had taken place, 
while the Raman intensity for cellulose and phenylpropanoids 
increased. In case of the FOC group, compared with the control 
group and drought group, the Raman intensity of carotenoids 
and pectin increased, but that of cellulose decreased.

Kruskal–Wallis analysis of the vibrational bands at 1155, 1184, 
and 1,525 cm−1, which can be assigned to carotenoids, determined 
statistically significant changes in their Raman intensities among 
the three different groups of plants. Specifically, our results showed 
RS collected from Drought-stressed plants exhibited significantly 

lower intensities of carotenoid bands compared to the intensity 
of these bands in the spectra of healthy (Control) plants. The 
opposite change in the intensity of these bands was found for 
FOC plants. Specifically, the intensity of carotenoid bands was 
found to be  greater in the spectra collected from FOC plants 
compared to the intensity of 1,155, 1,184 and 1,525 cm−1 bands 
in the spectra of healthy (Control) plants. Thus, Kruskal–Wallis 
analysis demonstrate that carotenoids bands can be  used as a 
marker for diagnostics of Drought and FOC stresses in banana.

DISCUSSION

The lack of early symptom development of Fusarium wilt likely 
results in unrecognized infection and brewing disease progress 
under the ground. During this critical window of time, between 
initial infection and obvious symptom development, 
implementation of disease management practices relies on 
prompt, fast, and practical diagnostics. Improper or delayed 
diagnostics give FOC an opportunity to decimate plants and 
spread to others. A conventional method currently used for 
FOC testing is to sacrifice plants to examine pseudostems for 
the presence of rotting symptoms, but such a destructive method 
is not ideal for preserving plants.

TABLE 1 | Accuracy of binary models for determining three groups of banana plants.

Group Treatment
Days after FOC inoculation

40 47 54 61 68 75

Control group Uninoculated and well-watered 76% 82% 76% 92% 100% 89%
FOC group FOC-inoculated and well-watered 88% 94% 81% 94% 90% 94%
Drought group Uninoculated and water-deficient 85% 76% 81% 100% 100% 94%
Comparison between FOC 
group and Drought group

100% 99% 100% 100% 100% 99%

TABLE 2 | Vibrational bands and their assignments for Raman spectra collected from banana plants.

Band

(Raman Shift, cm−1)
Vibrational mode Assignment

480–520 CCO and CCC deformations; related to glycosidic ring skeletal deformations 
δ(C−C−C)+(C−O) scissoring of C−C−C and out-of-plane bending of C−O

Cellulose (Edwards et al., 1997)

747 ν(C–O–H) of COOH Pectin (Synytsya et al., 2003)
853–915 ν(C–O–C) in plane, symmetric Cellulose (Edwards et al., 1997)
1,000 ν(C–CH3 stretching) and phenylalanine Carotenoids (Tschirner et al., 2009; Kurouski et al., 2015)
1,047 ν(C–O)+ν(C–C)+δ(C–O–H) Cellulose (Almeida et al., 2010)
1,085–1,218 ν(C–CH3 stretching) and phenylalanine Carotenoids (Tschirner et al., 2009; Kurouski et al., 2015)
1,265 δ(C–C–H) Aliphatic (Yu et al., 2007)
1,288 δ(C–C–H) Aliphatic (Yu et al., 2007)
1,326 δCH2 bending vibration cellulose, lignin (Edwards et al., 1997)
1,382 δCH2 bending vibration Aliphatic (Yu et al., 2007)
1,440 δ(CH2)+δ(CH3) Aliphatic (Yu et al., 2007)
1,488 δ(CH2)+δ(CH3) Aliphatic (Yu et al., 2007)
1,527–1,545 –C=C– (in plane) Carotenoids (Adar, 2017; Devitt et al., 2018)
1,601–1,604 ν(C–C) aromatic ring+(CH) Phenylpropanoids (Agarwal, 2006; Kang et al., 2016)
1,654 C=O stretching, amide I Proteins (Devitt et al., 2018)

δ: symmetric bending vibration; ν: stretching vibration.
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The current study shows that RS can be  used to detect early 
infection stage or low disease severity of Fusarium wilt in banana. 
This approach is label-free because labeling target compounds 
is not necessary, non-invasive because the introduction of 
instruments into plant tissue is not required, and non-destructive 
because tested leaves or plants are not damaged. This novel 
detection and identification method of FOC in banana provides 
a major step toward practical diagnostics of Fusarium wilt in 
an asymptomatic stage. The early diagnosis using RS may be able 
to provide better options to manage Fusarium wilt in banana 
fields. Previous research has evaluated the applicability of RS 
for detecting banana Fusarium wilt (Lin et  al., 2020). Although 
proving the ability of RS to detect signatures unique to Fusarium 
wilt at an early stage in disease progress, the method used in 
the earlier study still relied on pseudostem tissue for early detection.

Different patterns of Raman spectra associated with banana 
plants under biotic and abiotic stresses suggested that banana 
enhanced carotenoid production as a response to FOC infection 
and drought stress. Therefore, the differential intensity of 

FIGURE 3 | Averaged Raman spectra of banana leaves at the early infection 
at 47 days after inoculation (DAI; top) and asymptomatic plants at 75 DAI 
(bottom). Three treatment groups were color-coded as uninoculated and 
well-watered control plants (red), FOC-inoculated and well-watered plants 
(blue), and uninoculated and water-deficient plants (green).

FIGURE 4 | Kruskal–Wallis plots of Raman intensity of 1,155 cm−1 (top), 
1,184 cm−1 (center), and 1,525 cm−1 (bottom) bands in the spectra collected 
from three treatment groups: uninoculated and well-watered control plants 
(Control group), FOC-inoculated and well-watered plants (FOC group), and 
uninoculated and water-deficient plants (Drought group).
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carotenoids vibrations can be  used as a marker band for 
confirmatory differentiation of FOC-infected plants from 
uninfected well-watered plants and from uninfected plants 
under drought stress. Kruskal–Wallis analysis of the Raman 
intensity of three carotenoid bands confirmed this hypothesis 
(Figure 4). These Raman spectral changes indicate that drastically 
different biochemical reactions of banana plants are occurring 
while responding to biotic and abiotic stresses. Carotenoids 
are known to be  transformed into signaling molecules such 
as abscisic acid that are directly involved in the plant’s response 
to the biotic and abiotic stress (Parry and Horgan, 1991). Our 
results also suggest that drought stress causes an increase in 
the concentration of either low molecular weight 
phenylpropanoids such as cinnamic acid or aromatic polymers 
such as lignin. Advance chromatographic and mass spectroscopic 
analyses are required to determine changes associated with 
the biotic and abiotic stress on the molecular level. Such analyses 
are beyond the scope of the current study.

We hypothesized that these spectroscopic changes can be used 
for confirmatory detection and identification of biotic and abiotic 
stresses in banana. To test this hypothesis, we  utilize PLS-DA 
to determine the accuracy of diagnostics of both FOC and drought 
condition relative to healthy control plants. We  also question 
the accuracy of specificity of RS in differentiating FOC diagnostics 
from drought stresses since early symptoms on leaves are similar. 
Our results demonstrate that FOC and drought can be predicted 
differently as early as 40 DAI with 88 and 85% accuracy, respectively 
(Table  1). As the disease progressed after 61 DAI, the accuracy 
of identification of FOC and drought increased to >90%. We also 
found that in the early period when the watering schedule changed 
to every other day from daily irrigation, the accuracy of 
identification of drought plants was ~80%, which suggests that 
plants already experienced drought stress, although apparent 
drought symptoms on leaves such as drooping, or wilting, were 
not observed. However, 61 DAI and, thereafter, the accuracy of 
drought stress identification reached up to 100%.

The most significant outcome of this research is that these 
biotic and abiotic stresses can be diagnosed in the early infection 
stage (40-47 DAI) and the infection-progressing but asymptomatic 
plants (68–75 DAI) with high accuracy. RS enables nearly 100% 
accurate differentiation between FOC infection and drought 
stress in asymptomatic plants. These results demonstrate that 
RS can be used for highly accurate detection and identification 
of both FOC and drought stress in asymptomatic and early 
symptomatic banana plants while being non-destructive by 
taking readings from leaves and cost-effective since sample 

preparation and lab facility are not required. Although not a 
solution to ending FOC spread or curing infected plants, early 
diagnosis using RS can limit losses by timely implementing 
preventative quarantine, sterilization methods, and eradication 
of infected plants in more precise ways.

Our findings of characteristic Raman profiles shed light on 
the biochemical origin of these changes in plants. Specifically, 
the data indicate that drought causes a substantial decrease in 
the concentration of carotenoids, whereas FOC is on the opposite 
associated with an increase in the concentration of carotenoids. 
These spectroscopic changes can facilitate elucidation of molecular 
mechanisms of plant responses to such biotic and abiotic stresses. 
Considering high sensitivity of RS for diagnostics of biotic stresses 
on plants (Altangerel et  al., 2017; Egging et  al., 2018; Farber 
and Kurouski, 2018; Farber et al., 2019a,b; Sanchez et al., 2019a,b, 
2020a), RS approach has far-reaching implications in various 
disciplines ranging from plant molecular biology to plant pathogen 
detection in agriculture and breeding.
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