
ORIGINAL ARTICLE

A cinnamaldehyde-based formulation as an alternative to sodium
hypochlorite for post-harvest decontamination of citrus fruit
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Abstract
According to the most recent regulation, published in 2018, areas or states of Brazil where citrus canker is endemic are no longer
obliged to eradicate citrus trees affected by the disease as in the past 60 years. Instead, growers have to adopt a set of control
measures, such as copper sprays, windbreaks, and control of the citrus leaf miner to minimize the impact of the disease on fruit
quality and yield. Another important change was that all fresh Fruit commercialized out of the state of origin and to other
countries have to be sanitized against the canker-causing bacterium Xanthomonas citri subsp. citri (X. citri). Initially, sodium
hypochlorite (NaOCl) was the only product allowed in Brazil by the referred legislation. Recently, this bactericide was prohibited
to be used on fresh fruit shipped to the European Union and replaced by eugenol at 2%. Although effective, NaOCl may damage
fruit skin, cause corrosion of packing house equipment and react with organic matter, which generates noxious by products. Here,
we evaluated an alternative to NaOCl known as PosFruit. GC/MS and 1H NMR chemical analyses showed that Posfruit contains
both cinnamaldehyde isomers, with the trans being present in larger quantities. We showed that PosFruit was as effective as
NaOCl to eliminate X. citri from citrus fruit artificially contaminatedwith the bacterium. In a pilot sanitization line, treatment with
2% PosFruit reduced the X. citri population on contaminated fruit by 4 log10 CFU/mL. Furthermore, we detect neither the natural
resistance of X. citri to PosFruit nor the persistence of the bacterium following progressive exposure to the product, which
indicates that the product has multi-target action. PosFruit is a plant fortifier, residue-free, and efficient alternative to NaOCl for
post-harvest decontamination of citrus fruit against X. citri.
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Introduction

The most profitable market within the citrus business is that of
the fresh fruit, which has higher aggregated value compared
with fruit used for the production of juice. However, there are
important limitations to be addressed concerning the quality of
the fruit, which is constantly threatened by diseases and in-
sects. Among them, a great focus has been given to Asiatic
citrus canker (ACC), a disease caused by the Gram-negative
bacterium Xanthomonas citri subsp. citri (X. citri). ACC af-
fects all the commercial citrus cultivars at different levels, and
the only viable option to control the disease in areas where it is
endemic is to apply concomitantly a set of agricultural man-
agement measures (Gottwald et al. 2002; Ference et al. 2018).
This disease has a great dispersion potential through the com-
bined action of wind and rain (Gottwald et al. 2002). It can
also be introduced into new areas by contaminated vegetal
parts and fruit. Therefore, in areas where the disease is not
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present or occurs at low incidence, the main strategy to pre-
vent its establishment is to monitor the transit of plant material
and inspect the citrus orchards. In case the disease is detected,
eradication efforts are undertaken to eliminate the pathogen
(Behlau et al. 2016).

The post-harvest sanitization of citrus fruit before their dis-
tribution and commercialization is extremely important to
avoid the dissemination of the pathogen. Based on the most
recent Brazilian regulation, known as Normative Instruction
21 (IN21), published by the Ministry of Agriculture Livestock
and Supply (MAPA) on April 25, 2018 (Brazil 2018), areas or
states where ACC is endemic are no longer obliged to eradi-
cate canker-affected or suspect trees as before (Behlau et al.
2016). Instead, growers have to adopt a set of control mea-
sures, such as copper sprays, windbreaks, and control of the
citrus leaf miner to minimize the impact of the disease on fruit
quality and yield. Another important change was that all fresh
fruit commercialized out of the state of origin and to other
countries have to be sanitized with NaOCl. Upon arrival in
the packing house, fruit harvested from orchards where ACC
is present should be immersed in a 200 ppm (0.2% v/v) NaOCl
solution at pH 7.0 for 2 min (Brazil 2018).

Until recently, NaOCl was the only product allowed in
Brazil by the referred legislation. That is likely due to a high
number of studies that demonstrate its efficacy and low cost.
Although it is considered generally safe and has been used for
nearly a century as a disinfectant for water supplies (Mishra
et al. 2018), NaOCl has some important disadvantages. The
chlorine dissociated from NaOCl is a volatile element that
loses its effectiveness upon binding to the organic matter,
which makes necessary to constantly adjust its concentration
in solution (topping off) during the sanitization process.
Moreover, chlorine is corrosive to industrial equipment and
may also damage the fruit skin. Chlorine-based products are
not friendly to the environment and to packing-house workers
as it can cause injuries to eyes and skin (Gil et al. 2009;Mishra
et al. 2018; Moretti 2007). Finally, some concerns are associ-
ated with the use of hypochlorite solutions as they may result
in the formation of trihalomethanes that are considered carcin-
ogens, as well as other byproducts due to its reaction with the
organic matter (Richardson et al. 2000). Because of these dis-
advantages, since September 2019, NaOCl is no longer
allowed to be used to decontaminate fresh citrus fruit to be
shipped to the European Union (European-Commission
2019). Instead, fruit should be sprayed with 2% eugenol (an
essential oil extracted from clove, Syzygium aromaticum) and
kept wet for at least 2 min (Brasil 2019).

Although the Brazilian legislation restrict the options of
bactericides allowed for post-harvest sanitization of citrus fruit
depending on the destination of the production, it also allows
the recognition of alternative fruit disinfectants, provided that
their efficacy and safety are scientifically demonstrated. A
number of sanitizing products are known and allowed to be

safely used in other countries. For instance, in the USA, the
Food and Drug Administration (FDA) approved the use of
chlorine dioxide, hydrogen peroxide, peracetic acid, and
ozone, beyondNaOCl, for the sanitization of fruits (no sentido
de vários tipos de fruta) and vegetables in post-harvest. In
addition, several studies have suggested the use of formula-
tions containing essential oils, such as eugenol, as sanitizers
due to their antimicrobial potential (Lis et al. 2017; Sakkas
and Papadopoulou 2017; Uma et al. 2017; Zhao et al. 2017).

Thus, in this work, we evaluated the use of a
cinnamaldehyde-based formulation known as PosFruit as an
alternative post-harvest sanitizer of citrus fruit as an alterna-
tive to NaOCl. We showed that PosFruit has bactericidal ac-
tion against X. citri, and it is as effective as NaOCl to sanitize
citrus fruit artificially contaminated with X. citri. Using a pilot
processing line, we also demonstrated that PosFruit is able to
eliminate the X. citri population on contaminated fruit.

Materials and methods

Characterization of the sanitizing agent candidate

The commercial formulation named PosFruit (Arvensis;
Zaragoza, Spain) was evaluated as a sanitizer of citrus fruit
against X. citri. The product was obtained from Comnagro
Agroespecialidades LTDA (Campinas, São Paulo, Brazil,
Lot number 3690006). Pluron 444A (Catanduva, São Paulo,
Brazil, Lot 2138), containing NaOCl, was used as a positive
control for fruit decontamination.

Bacterial strain and growth conditions

The X. citri strain used for the sanitization tests was the isolate
306 (IBSBF 1594) (Schaad et al. 2006). Before being exposed
to the sanitizing agents, bacteria were cultivated for 16 h in
NYG/NYG-agar medium (nitrogen-yeast-glycerol 5 g/L of
peptone, 3 g/L of yeast extract, 2% glycerol; for solid medium
bacterial agar was added to 15 g/L) at 29 °C.

Sensitivity assays

Bacterial liquid cultures had their optical densities (O.D.
600 nm) adjusted to 0.3 using fresh NYG medium.
Subsequently, cell suspensions were diluted 100 × with fresh
medium to make test cultures of 5 mL containing 106 CFU/
mL. PosFruit was added to the bacterial cultures at the final
concentrations of 0.0625%, 0.125%, 0.25%, 0.5%, and 1% (v/
v). As positive control, cells were exposed to Kanamycin at
20 μg/mL. Each treatment was composed of three repetitions.
Tubes were kept at 29 °C for 4 h and 200 rpm. After incuba-
tion, samples of 100 μL of each tube were diluted (10 to 106-
fold) and spread onto NYG-agar plates for CFU counting. The
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absence of growth after 72 h incubation indicated bactericidal
activity. The minimal inhibitory concentration (MIC) was de-
fined as the lowest concentration of the compound which
completely prevented growth of X. citri. This experiment
was performed three times.

Sanitization tests

Preparation of the bacterial suspension and fruit

Bacteria were inoculated from plate in 250 mL Erlenmeyer
flasks containing 100 mL of NYG and incubated at 29 °C
under shaking (200 rpm) until cultures reached the O.D.
600 nm of 0.3 (108 CFU/mL). After incubation, the cultures
were centrifuged at 6000 ×g for 7 min and the supernatant
discarded. Cells were resuspended in phosphate buffer (1X
PBS; 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4,
1.8 mM KH2PO4; pH 7.4) and the O.D. 600 nm was again
adjusted to 0.3. Tahiti limes (Citrus latifolia, Tanaka) were
used for the decontamination tests. Besides being smaller
and easier to manipulate than other citrus fruit, Tahiti limes
are affected by citrus canker and are important for the national
and international market of fresh fruit. The limes had approx-
imately 5 cm in diameter measured in the cross-section per-
pendicular to the longer axis of the fruit.

Evaluation of PosFruit as a sanitizer

Before being exposed to the bactericides, fruit were washed
with 5%Wash Fruit 33 soap (Aruá, Matão, Brazil), in order to
remove dust and debris from the field. After washing, fruit
were dried overnight at room temperature. For each treatment,
15 Tahiti limes, divided in 5 groups (replicates), were spray-
contaminated until the run-off point using the X. citri cell
suspension, and allowed to dry at room temperature (~
21 °C) for approximately 6 h. PosFruit was assessed at 1%,
2%, and 5% by spraying the fruit with a handgun sprayer until
the run-off point. The fruit was exposed to the product for
2 min, followed by the removal of the excess using an air drier
(without heat) for 30 s. NaOCl at 0.2% and 1X PBSwere used
as positive and negative controls, respectively, in place of
PosFruit. The evaluation of the product was assessed in three
independent experiments.

Effiency of PosFruit in a pilot packing line

Fruit used in these tests was not pre-washed before passing
through the automated sanitization line. During the process,
fruit was sprayed with PosFruit at 2% in water (v/v), and
exposed to the product for 2 min. Fruit washed with tap water
only was used as negative control. For each treatment, 15
limes were divided into 5 groups of 3 limes each (replicates),
labeled using a permanent marker for identification,

contaminated with X. citri suspension prepared as previously
described, and then mixed with other limes added to give flow
of fruit throughout the sanitizing line. Each of the passed
through the sanitizing line separately. Marked fruit was col-
lected at the end of the line and allowed to dry at room tem-
perature. The evaluation of the product was assessed in three
independent experiments.

Assessment of the sanitization efficiency

After the treatments, fruit was placed into plastic bags and
washed manually using 100 mL of 1X PBS during 5 min.
The washes were collected in 50 mL polypropylene tubes
and centrifuged at 6000 ×g for 7 min and the supernatant
discarded. Cells were resuspended in 3 mL of 1X PBS, and
100 μL were spread onto semi-selective MGY-KCC medium
(16 μg/mL kasugamycin, 16 μg/mL cephalexin, and 50 μg/
mL cycloheximide) (Behlau et al. 2012). Colony growth was
evaluated after 72 h of incubation at 29 °C. To confirm the
identity of X. citri colonies, we performed diagnostic PCR
following the procedure described by Coletta-Filho et al.
(2006).

Induction of X. citri resistance

The probability of resistance development in X. citri against
PosFruit was evaluated as previously described (Oz et al.
2014), with modifications. Starting cultures of 5 mL at
106 CFU/mL were exposed to PosFruit at 1 ×/8 of the MIC
(MIC = 0.125%; as described in Results) and incubated for
24 h at 29 °C and 200 rpm. Following, 100 μL of the bacterial
suspension were plated on NYG-agar and incubated for 72 h
at 29 °C for CFU counting. This process was repeated until the
maximum concentration of PosFruit reached 4 × the MIC. In
each step, 500 μL of the previous culture were used as inocula
and transferred to fresh 5 mL cultures (identical to the starting
cultures). Experiments were performed in triplicates, and re-
peated three times.

Assessment of X. citri resistance

X. citri was inoculated into 5 mL of NYG to a final concen-
tration of 106 CFU/mL, followed by the addition of PosFruit
at 0.9 × the MIC (MIC = 0.125%; section 3.1). The bacterial
suspension was exposed to the product for 4 h at 29 °C under
shaking (200 rpm). After incubation, 100 μL of the liquid
culture were spread onto NYG-agar for the recovery of
X. citri. Colonies that were able to grow were inoculated into
fresh liquid NYGmedium, now containing PosFruit at 1 × the
MIC, and incubated as before. Aliquots of 100 μL were
spread onto solid media following exposure to the product
for 4 h, 4.5 h (half an hour beyond the incubation period used
to define the MIC), and 24 h. Plates were incubated for up to
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72 h before assessing the recovery of persistent colonies of
X. citri. Experiments were performed in triplicates and repeat-
ed three times.

Results

Chemical characterization of PosFruit

The total ion chromatogram (TIC) of PosFruit exhibited two
major peaks at 37 and 38min (Figs. S1 and S2, supplementary
material). Both peaks displayed similar mass spectra and were
identified as cinnamaldehyde isomers. The 1HNMR spectrum
showed the presence of the trans-cinnamaldehyde isomer,
identified in the spectrum by the presence of the trans cou-
pling constant (J = 15.9 Hz) between the two hydrogens of the
double bond conjugated with the carbonyl group (H2–H3)
(Figs. S3 and S4). The cis isomer was not detected by the
1H NMR analysis. This difference in the proportion of the
isomers was confirmed with the GC/MS chromatogram. The
signal at 37 min had a low intensity (cis isomer) and the signal
at 38 min had a high intensity (trans isomer).

PosFruit has bactericidal activity against X. citri

The efficacy of PosFruit to inhibit growth of X. citri was
evaluated by exposing bacterial cultures to various dilutions
of the product prepared directly into the culture medium.
PosFruit was able to inhibit X. citri growth in liquid medium
at 0.125% after 4 h of exposure. In addition, no colonies from

this treatment were recovered after plating samples of the cul-
tures on NYG-agar (Fig. 1c). These results were similar to the
positive control, kanamycin, which has bactericidal action
against X. citri at 20 μg/mL (Fig. 1b). Even after decreasing
the concentration of PosFruit to 0.06%, there was still a sig-
nificant inhibition of bacterial growth reflected as a reduced
cell turbidity in the culture. However, upon plating samples of
this culture on solid medium, a significant amount of X. citri
colonies were able to grow (Fig. 1, compare d with the nega-
tive and positive controls, a and b, respectively). Based on
that, 0.125% was defined as the minimal inhibitory concen-
tration (MIC) of PosFruit against X. citri.

Resistance and persistence of X. citri against PosFruit

Xanthomonas citri cells were exposed to PosFruit at the MIC
(0.125%) for 4 h, 4.5 h, and 24 h, before culture samples were
spread onto NYG-agar in order to allow the growth of persis-
tent colonies. After several attempts, no colonies could be
recovered, which indicated that X. citri is not able to persist
the treatment with PosFruit. Additionally, to check if and how
likely natural resistant cells could be isolated, we prepared
serial dilutions of X. citri cultures and plated them on NYG-
agar containing PosFruit at theMIC. Plates were incubated for
up to a week under standard cultivation conditions, and again,
no bacterial colonies could be observed.

A final approach to assess the likelihood of resistance
development was to expose X. citri to increasing concen-
trations of PosFruit, starting from a sub-lethal concentra-
tion and increasing up to fourfold the MIC (Table 1). The

Fig. 1 Sensitivity of
Xanthomonas citri subsp. citri to
PosFruit. Bacterial substitute for
suspension was exposed to
different concentrations of
PosFruit for a period of 4 h and
plated on NYG-agar after serial
dilutions (from 10−1 to 10−6) for
CFU counting. aNegative control
(sterilized tap water). b 20 μg/mL
kanamycin. c 0,125% and d
0.0625% PosFruit
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rationale was to test if the product can induce genetic
alteration in the course of increasing concentrations, and
that could lead to PosFruit resistance in X. citri. The ex-
periment was initiated by exposing X. citri to 1 ×/8 of the
MIC (day 1). After 24 h of incubation, culture samples
were spread onto NYG-agar, and X. citri colonies were
detected in 3 out of 3 trials after 48 h of plate incubation
(Table 1, day 1). Fractions of the starting cultures (day 1,
after 24 h incubation) were used as inocula to prepare the
subsequent cultures in which the concentration of
PosFruit was increased twofold (to 1 ×/4 of the MIC).
Upon plating culture aliquots from the second day, we
observed growth of X. citri in 2 out of 3 plates.
However, when the concentration of the PosFruit reached
half the MIC (1×/2), bacterial growth was halted (Table 1,
day 3). This process continued until the concentration of
PosFruit reached four times the MIC (day 13). Neither the
increase of cell turbidity in liquid cultures nor the growth
of colonies on plate was detected from the third day on.
Altogether, these results show that PosFruit did not induce
resistance in X. citri.

PosFruit was efficient to sanitize X. citri
under laboratory conditions

The efficiency of PosFruit to sanitize Tahiti limes was
evaluated by artificially contaminating fruit with X. citri
followed by their exposure for 2 min to three concentra-
tions of the product (Fig. 2). Treatments with PosFruit at
1% showed a reduction of approximately 2 log10 in the
number of X. citri CFU/mL recovered on agar plates
(Fig. 2; compare panels a-1 and a-3; b). By further increas-
ing the concentration of the product to 2%, we detected a
reduction of 3 log10 in the number of recovered CFU/mL.
At this concentration the efficacy of PosFruit was compa-
rable with NaOCl at 0.2% used as the positive control
(Fig. 2; compare panels a-1, a-2, and a-4; b). Besides some
typical X. citri colonies, other yellowish epiphytic bacteria
were also recovered after fruit sanitization with PosFruit at
2% (Fig. 2 (a-4)). These contaminants were disregarded for
being false positive colonies based on PCR analysis.
Finally, exposure of Tahiti limes to PosFruit at 5%
completely eliminated all the bacteria, as no colonies could

be recovered on NYG-agar plates following this treatment
(Fig. 2 (a-5)).

PosFruit was efficient to sanitize X. citri in a packing
line

The efficiency of 2% PosFruit to sanitize Tahiti limes against
X. citri was subsequently evaluated using a pilot processing
line (Fig. 3a). Untreated control fruit, washed with water only,
led to the recovery of 4 log10 CFU/mL (Fig. 3b, (c-1), red
circles). The identity of X. citri isolates was checked by
PCR. A substantial amount of non-X. citri colonies was also
recovered, and this was probably due to the fact that limes
were washed only with tap water (not soap) before PosFruit
application. However, when fruit was exposed to PosFruit at
2% using the pilot processing line, we observed a complete
elimination of X. citri (Fig. 3b, (c-2)). Therefore, the reduction
of the X. citri population on fruit exposed to this treatment was
equivalent to 4 log10 CFU/mL when compared with the un-
treated fruit.

Discussion

The current Brazilian legislation that regulates the control
of ACC in the country (Brazil 2019) determined for the
first time in 60 years that growers in states where the inci-
dence of the disease is high are no longer required to erad-
icate the affected trees. Instead, growers have to adopt a set
of control measures in order to reduce the impact of the
disease on fruit quality and yield. This regulation also man-
dates that all fresh fruit commercialized out of the produc-
ing state or country are sanitized with bactericide in the
packing-house. Although the legislation allows the use of
two bactericides (NaOCl and eugenol) for that purpose
depending on the market, it also consents that other prod-
ucts are authorized upon demonstration of their efficacy. In
this study, we showed that a cinnamaldehyde-based formu-
lation known as PosFruit is an efficient bactericide to be
used for post-harvest sanitization of citrus fruit against
X. citri.

Reactive chlorine released fromNaOCl is probably one of the
most widespread sanitization agents used in the world to

Table 1 PosFruit resistance induction in Xanthomonas citri subsp. citri

Day 1 2 3 4 5 6 7 8 9 10 11 12 13

Concentrationa 1 ×/8 1 ×/4 1 ×/2 1 × 1 × 2 × 2 × 2 × 3 × 3 × 3 × 3 × 4 ×

Bacterial growthb 3 2 0 0 0 0 0 0 0 0 0 0 0

a 1 × minimal inhibitory concentration of PosFruit in water (MIC = 0.125%)
b number of experiments in which at least one of the three replicate plates showed any growth of X. citri. Experiments were repeated three times
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guarantee the quality of water and freshly harvested salads, veg-
etables, and fruits. Chlorine has long been recognized as an active
agent against many bacteria, fungi, and viruses (Goda et al. 2018;
Kohler et al. 2018; Lineback et al. 2018; Da Silva et al. 2016;
Rich and Slots 2015). However, concerns have been raised about
the relative efficacy of chlorine-based formulations compared
with other products and its safety to health and the environment

(Gomes et al. 2018; Teixeira et al. 2018; Slaughter et al. 2019). In
solution, hypochlorous acid (hypochlorite anion) promptly reacts
with the organic matter forming byproducts potentially harmful
to health such as trihalomethanes, haloacetic acids, haloketones,
and chloropicrin (reviewed by Gil et al. (2009)). Although the
safe level of these byproducts in food has never been demon-
strated, in September 2019, the European Union banned the use

Fig. 2 Efficiency of PosFruit as a
sanitizer of Tahiti limes against
X. citri under laboratory
conditions. Tahiti limes were
spray-contaminated with X. citri
and then manually exposed to 1,
2, and 5% PosFruit for 2 min.
Following treatment, limes were
washed and the recovery of
X. citri was assessed on MGY-
KCC agar plates after 72 h. a
Recovery of X. citri on agar
plates: (1) 1X PBS (negative
control); (2) 0.2% NaOCl
(positive control); (3) 1%
PosFruit; (4), 2% PosFruit; (5),
5% PosFruit. b X. citri recovered
after treatment as log10 colony
forming units (CFU)/mL.
Whiskers indicate the standard
error of the mean of three
independent experiments

706 Trop. plant pathol. (2020) 45:701–709



of chlorine for treating fresh citrus fruit (European-Commission
2019). Nevertheless, there are other important disadvantages of
NaOCl: loss of efficiency due to its interaction with the organic
matter requiring constant solution adjustments in washing tanks,
risk fruit skin damage, cXorrosion of equipment, and the release
of gases that are harmful to workers direct- or indirectly exposed
to solutions containing chlorine (Slaughter et al. 2019).

Conversely, PosFruit has been used mainly as a plant for-
tifier or inducer of plant resistance. This formulation is mainly
based on trans-cinnamaldehyde, which is the major constitu-
ent of essential oils of cinnamon (Cinnamomum spp.) and has
been demonstrated to exhibit antimicrobial properties against
several Gram-positive and Gram-negative bacteria
(Vasconcelos et al. 2018; Friedman 2017). In line with this,
PosFruit has also been utilized as post-harvest sanitizer for the
protection of fruit against several kinds of microorganisms
without leaving any residues, i.e., according to the manufac-
turer, fruit treated with PosFruit can be commercialized imme-
diately after treatment as no safety period has to be observed.
PosFruit was demonstrated to be an efficient bactericide
against X. citri based on the sensitivity tests in vitro, and its
efficacy was comparable to NaOCl. In addition, there is no
risk for the development of PosFruit resistance by X. citri.
These results are congruent with the performance of multi-
target bactericides, such as chlorine, for which the emergence

of microbial resistance is disregarded (assessment report on
active chlorine, EU 528/2012 from January 2017).

The best cost-benefit was achieved with PosFruit at 2%.
Although some X. citri were recovered after exposure to
PosFruit at 2% for 2 min under laboratory conditions, we
did not recover any X. citri when fruit were treated with the
product at this concentration and exposure time in a pilot
packing line. Nevertheless, it is important to mention that
the sanitizing processes or products are not necessarily
intended to thoroughly eliminate a microorganism from a fruit
or vegetable but mainly to reduce its population to harmless
levels or to levels that do not represent risks for dissemination
as demonstrated previously (Gottwald et al. 2009; Narciso
2005).

Alternative bactericides for post-harvest disinfection of
citrus fruit, especially those with satisfactory effectiveness
and with less or no influence in the environment, are most
welcome. Citrus farming and agriculture are generally
lacking in this type of tool to deal with diseases and pests.
At the same time, there is a very strong and unquestion-
able trend of valuing sustainability and adopting less in-
vasive and polluting measures of control. As a plant for-
tifier and inducer of plant resistance, PosFruit fulfills such
premises. Moreover, it can be used for the disinfection of
not only Tahiti limes but also other types of citrus fruit.

Fig. 3 Efficiency of PosFruit as a sanitizer of Tahiti limes against X. citri
in a pilot processing line. Marked fruit were contaminated with X. citri,
and loaded on the pilot line (a): 1, fruit drop point; 2, rollers; 3, water
spray lines; 4, product (PosFruit) spray line, and 5, fruit collection point.
Following treatment with PosFrui at 2% for 2 min, limes were washed
and the recovery of X. citri was assessed on MGY-KCC agar plates after

72 h. b X. citri recovered after treatment as log10 colony forming units
(CFU)/mL. Tap water was used as negative control. Whiskers indicate the
standard error of the mean of three independent experiments. c Plates
from a representative experiment: (1) negative control, limes washed
with water only (X. citri colonies are labeled using red circles) and (2)
plate inoculated with washes from limes exposed to PosFruit at 2%
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Considering the epidemiology of ACC and the morpho-
logical similarity between the citrus fruits of different spe-
cies, the results of this study may also be extended to
oranges, lemons, tangerines, tangors, among other impor-
tant citrus fruit for the fresh market worldwide.

Acknowledgments CZ received a MSc Scholarship from Fundação de
Amparo à Pesquisa do Estado de São Paulo, FAPESP (2017/09233-9).

Authors’ contributions CFCZ, GD, LBC, and TGS executed the exper-
iments; MB designed and supervised the execution of the sensitivity and
resistance tests; LLS helped with the GC/MS analyses; DCS designed,
performed, and analyzed the GC/MS and NMR data; FB and HF de-
signed and coordinated all the experiments and wrote the manuscript.

Funding information This work was funded by FAPESP (grant
2015/50162-2) and INCT Citros (FAPESP 2014/50880-0 and CNPq
465440/2014-2).

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

References

Behlau F, Fonseca AE, Belasque J Jr (2016) A comprehensive analysis of
the Asiatic citrus canker eradication programme in Sa~o Paulo state,
Brazil, from 1999 to 2009. Plant Pathology 65:1390–1399

Behlau F, Jones JB, Myers ME, Graham JH (2012) Monitoring for resis-
tant populations of Xanthomonas citri subsp. citri and epiphytic
bacteria on citrus trees treated with copper or streptomycin using a
new semi-selective medium. European Journal of Plant Pathology
132:259–270

Brasil (2019) Ministério da Agricultura, Pecuária e Abastecimento.
Secretaria de Defesa Agropecuária. Departamento de Sanidade
Vegetal. Coordenação de Fiscalização e Certificação Fitossanitária
Internacional. Ofício circular n° 5/2019/CFCI/DSV/SDA/MAPA.
Brasília, DF: Ministério da Agricultura, Pecuária e Abastecimento,
01 set. 2019. Assunto: Certificação Fitossanitária de Citros para
União Europeia – Declarações Adicionais. Disponível em: https://
sistemas.agricultura.gov.br/sei/controlador_externo.php?acao=
documento_conferir&codigo_verificador=8338897&codigo_crc=
F984A948&hash_download=70f8cde54ffdcbcef9eedc2f2f
a19fd2bc4656297a1f3ce393fa71794c159e10b60c41d9a
7e136f3b9d6d36986df19e7719b76557679eedf7545ef07fa3ac83
7&visualizacao=1&id_orgao_acesso_externo=0. Accessed on
September 26, 2019

Coletta-Filho HD, Takita MA, Souza AA, Neto JR, Destéfano SA,
Hartung JS, Machado MA (2006) Primers based on the rpf gene
region provide improved detection of Xanthomonas axonopodis
pv. citri in naturally and artificially infected citrus plants. Journal
of Applied Microbiology 100:279–285

Da Silva Aquino I, Porto JC, Da Silva JL, Morais KF, Coelho FA, de
Sousa Lopes T, Ribeiro IP, Noleto IS, do Amparo SalmitoM,Mobin
M (2016) Evaluation of disinfectants for elimination of fungal con-
tamination of patient beds in a reference hospital in Piaui, Brazil.
Environmental Monitoring and Assessment 188:644

European-Commission (2019) Available at: https://ec.europa.eu/food/
plant/pest icides/eu-pesticides-database/public/?event=

activesubstance.detail&language=EN&selectedID=1869. In. EU
Pesticides database. Accessed on September 25, 2019

Ference CM, Gochez AM, Behlau F, Wang N, Graham JH, Jones JB
(2018) Recent advances in the understanding of Xanthomonas citri
ssp. citri pathogenesis and citrus canker disease management.
Molecular Plant Pathology 19:1302–1318

Friedman M (2017) Chemistry, antimicrobial mechanisms, and antibiotic
activities of cinnamaldehyde against pathogenic bacteria in animal
feeds and human foods. Journal of Agricultural and Food Chemistry
65:10406–10423

Gil MI, Selma MV, Lopez-Galvez F, Allende A (2009) Fresh-cut product
sanitation and wash water disinfection: problems and solutions.
International Journal of Food Microbiology 134:37–45

Goda H, Ikeda K, Nishide M, Nagao T, Koyama AH (2018)
Characterization of virucidal activities of chlorous acid. Japanese
Journal of Infectious Diseases 71:333–337

Gomes IB, Lemos M, Mathieu L, Simoes M, Simoes LC (2018) The
action of chemical and mechanical stresses on single and dual spe-
cies biofilm removal of drinking water bacteria. Science of the Total
Environment 631-632:987–993

Gottwald T, Graham J, Bock C, Bonn G, Civerolo E, Irey M, Leite R,
Lopez M, Mccollum T, Parker P, Ramallo J, Riley T, Schubert T,
Stein B, Taylor E (2009) The epidemiological significance of post-
packinghouse survival of Xanthomonas citri subsp. citri for dissem-
ination of Asiatic citrus canker via infected fruit. Crop Protection 28:
508–524

Gottwald TR, Graham JH, Schubert TS (2002) Citrus canker : the path-
ogen and its impact plant health progress plant health progress. Plant
Management Network 1993:48824

Kohler AT, Rodloff AC, Labahn M, Reinhardt M, Truyen U, Speck S
(2018) Efficacy of sodium hypochlorite against multidrug-resistant
Gram-negative bacteria. The Journal of Hospital Infection 100:e40–
ee6

Lineback CB, Nkemngong CA,Wu ST, Li X, Teska PJ, Oliver HF (2018)
Hydrogen peroxide and sodium hypochlorite disinfectants are more
effective against Staphylococcus aureus and Pseudomonas
aeruginosa biofilms than quaternary ammonium compounds.
Antimicrobial Resistance and Infection Control 7:154

Lis A, Kowalska W, Sienkiewicz M, Banaszczak P (2017) Chemical
composition and antibacterial activity of the essential oil of
Phellodendron lavallei. Natural Product Communications 12:123–
126

Mishra V, Abrol GS, Dubey N (2018) Sodium and calcium hypochlorite
as postharvest disinfectants for fruits and vegetables. In: Siddiqui M
W (eds) Postharvest Disinfection of Fruits and Vegetables.
Academic Press pp 253–272

Moretti CL (2007) Manual de Processamento Mínimo de Frutas e
Hortaliças: Embrapa Hortaliças ISBN 978–85–7333-431-9.
Embrapa, Brasilia

Narciso JA (2005) An assessment of methods to clean citrus fruit sur-
faces. Proceedings of the Florida State Horticultural Society 118:
437–440

Oz T, Guvenek A, Yildiz S, Karaboga E, Tamer YT, Mumcuyan N, Ozan
VB, Senturk GH, Cokol M, Yeh P, Toprak E (2014) Strength of
selection pressure is an important parameter contributing to the com-
plexity of antibiotic resistance evolution. Molecular Biology and
Evolution 31:2387–2401

Rich SK, Slots J (2015) Sodium hypochlorite (dilute chlorine bleach) oral
rinse in patient self-care. Journal of the Western Society of
Periodontology/Periodontal abstracts 63:99–104

Richardson SD, Thruston AD, Caughran TV, Chen PH, Collette TW,
Floyd TL, Schenck KM, Lykins BW, Sun G-R, Majetich G (2000)
Identification of new drinking water disinfection by-products from
ozone, chlorine dioxide, chloramine, and chlorine. In: Belkin S (ed)
Environmental challenges. Springer Netherlands, Dordrecht, pp 95–
102

708 Trop. plant pathol. (2020) 45:701–709

https://sistemas.agricultura.gov.br/sei/controlador_externo.php?acao=documento_conferir&codigo_verificador=8338897&codigo_crc=F984A948&hash_download=70f8cde54ffdcbcef9eedc2f2fa19fd2bc4656297a1f3ce393fa71794c159e10b60c41d9a7e136f3b9d6d36986df19e7719b76557679eedf7545ef07fa3ac837&visualizacao=1&id_orgao_acesso_externo=0
https://sistemas.agricultura.gov.br/sei/controlador_externo.php?acao=documento_conferir&codigo_verificador=8338897&codigo_crc=F984A948&hash_download=70f8cde54ffdcbcef9eedc2f2fa19fd2bc4656297a1f3ce393fa71794c159e10b60c41d9a7e136f3b9d6d36986df19e7719b76557679eedf7545ef07fa3ac837&visualizacao=1&id_orgao_acesso_externo=0
https://sistemas.agricultura.gov.br/sei/controlador_externo.php?acao=documento_conferir&codigo_verificador=8338897&codigo_crc=F984A948&hash_download=70f8cde54ffdcbcef9eedc2f2fa19fd2bc4656297a1f3ce393fa71794c159e10b60c41d9a7e136f3b9d6d36986df19e7719b76557679eedf7545ef07fa3ac837&visualizacao=1&id_orgao_acesso_externo=0
https://sistemas.agricultura.gov.br/sei/controlador_externo.php?acao=documento_conferir&codigo_verificador=8338897&codigo_crc=F984A948&hash_download=70f8cde54ffdcbcef9eedc2f2fa19fd2bc4656297a1f3ce393fa71794c159e10b60c41d9a7e136f3b9d6d36986df19e7719b76557679eedf7545ef07fa3ac837&visualizacao=1&id_orgao_acesso_externo=0
https://sistemas.agricultura.gov.br/sei/controlador_externo.php?acao=documento_conferir&codigo_verificador=8338897&codigo_crc=F984A948&hash_download=70f8cde54ffdcbcef9eedc2f2fa19fd2bc4656297a1f3ce393fa71794c159e10b60c41d9a7e136f3b9d6d36986df19e7719b76557679eedf7545ef07fa3ac837&visualizacao=1&id_orgao_acesso_externo=0
https://sistemas.agricultura.gov.br/sei/controlador_externo.php?acao=documento_conferir&codigo_verificador=8338897&codigo_crc=F984A948&hash_download=70f8cde54ffdcbcef9eedc2f2fa19fd2bc4656297a1f3ce393fa71794c159e10b60c41d9a7e136f3b9d6d36986df19e7719b76557679eedf7545ef07fa3ac837&visualizacao=1&id_orgao_acesso_externo=0
https://sistemas.agricultura.gov.br/sei/controlador_externo.php?acao=documento_conferir&codigo_verificador=8338897&codigo_crc=F984A948&hash_download=70f8cde54ffdcbcef9eedc2f2fa19fd2bc4656297a1f3ce393fa71794c159e10b60c41d9a7e136f3b9d6d36986df19e7719b76557679eedf7545ef07fa3ac837&visualizacao=1&id_orgao_acesso_externo=0
https://sistemas.agricultura.gov.br/sei/controlador_externo.php?acao=documento_conferir&codigo_verificador=8338897&codigo_crc=F984A948&hash_download=70f8cde54ffdcbcef9eedc2f2fa19fd2bc4656297a1f3ce393fa71794c159e10b60c41d9a7e136f3b9d6d36986df19e7719b76557679eedf7545ef07fa3ac837&visualizacao=1&id_orgao_acesso_externo=0
https://sistemas.agricultura.gov.br/sei/controlador_externo.php?acao=documento_conferir&codigo_verificador=8338897&codigo_crc=F984A948&hash_download=70f8cde54ffdcbcef9eedc2f2fa19fd2bc4656297a1f3ce393fa71794c159e10b60c41d9a7e136f3b9d6d36986df19e7719b76557679eedf7545ef07fa3ac837&visualizacao=1&id_orgao_acesso_externo=0
https://ec.europa.eu/food/plant/pesticides/eu-pesticides-database/public/?event=activesubstance.detail&language=EN&selectedID=1869
https://ec.europa.eu/food/plant/pesticides/eu-pesticides-database/public/?event=activesubstance.detail&language=EN&selectedID=1869
https://ec.europa.eu/food/plant/pesticides/eu-pesticides-database/public/?event=activesubstance.detail&language=EN&selectedID=1869


Sakkas H, Papadopoulou C (2017) Antimicrobial activity of basil, oreg-
ano, and thyme essential oils. Journal of Microbiology and
Biotechnology 27:429–438

Schaad NW, Postnikova E, Lacy G, Sechler A, Agarkova I, Stromberg
PE, Stromberg VK, Vidaver AK (2006) Emended classification of
xanthomonad pathogens on citrus. Systematic and Applied
Microbiology 29:690–695

Slaughter RJ, Watts M, Vale JA, Grieve JR, Schep LJ (2019) The clinical
toxicology of sodium hypochlorite. Clin Toxicol (Phila) 1–9. https://
doi.org/10.1080/15563650.2018.1543889

Teixeira PA, CoelhoMS, Kato AS, Fontana CE, Bueno CE, Pedro-Rocha
DG (2018) Cytotoxicity assessment of 1% peracetic acid, 2.5%
sodium hypochlorite and 17% EDTA on FG11 and FG15 human
fibroblasts. Acta Odontológica Latinoamericana 31:11–15

Uma K, Huang X, Kumar BA (2017) Antifungal effect of plant extract
and essential oil. Chinese Journal of Integrative Medicine 23:233–
239

Vasconcelos NG, Croda J, Simionatto S (2018) Antibacterial mechanisms
of cinnamon and its constituents: a review. Microbial Pathogenesis
120:198–203

Zhao L, Feng C,WuK, ChenW, Chen Y, Hao X,WuY (2017) Advances
and prospects in biogenic substances against plant virus: a review.
Pesticide Biochemistry and Physiology 135:15–26

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

709Trop. plant pathol. (2020) 45:701–709

https://doi.org/10.1080/15563650.2018.1543889
https://doi.org/10.1080/15563650.2018.1543889

	A cinnamaldehyde-based formulation as an alternative to sodium hypochlorite for post-harvest decontamination of citrus fruit
	Abstract
	Introduction
	Materials and methods
	Characterization of the sanitizing agent candidate
	Bacterial strain and growth conditions
	Sensitivity assays
	Sanitization tests
	Preparation of the bacterial suspension and fruit
	Evaluation of PosFruit as a sanitizer
	Effiency of PosFruit in a pilot packing line
	Assessment of the sanitization efficiency
	Induction of X.�citri resistance
	Assessment of X.�citri resistance


	Results
	Chemical characterization of PosFruit
	PosFruit has bactericidal activity against X.�citri
	Resistance and persistence of X.�citri against PosFruit
	PosFruit was efficient to sanitize X.�citri under laboratory conditions
	PosFruit was efficient to sanitize X.�citri in a packing line

	Discussion
	References


