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A B S T R A C T

Stem-end-rot (SER), caused by Lasiodiplodia theobromae or Diaporthe citri, is an important postharvest disease in
humid and warm citrus growing areas, such as the Northwestern region of Argentina. The commercial control of
SER has been accomplished by applications of the systemic fungicide carbendazim (CARB). However, alternative
chemicals for this fungicide are needed due to increasing restrictive regulations in overseas markets. The aim of
this work was to evaluate the effectiveness of conventional and reduced-risk postharvest fungicides to control
SER. In vitro tests show that L. theobromae was more resistant to fungicides than D. citri. In trials using artificially
inoculated lemons, SER caused by D. citri (Phomopsis SER) was controlled by the fungicides evaluated. The
conventional fungicides imazalil and thiabendazole (TBZ) were the most effective chemicals to control SER
caused by L. theobromae (Diplodia SER), while other fungicides, as fludioxanil, azoxystrobin, pyrimetanil and
propiconazole, were not effective. The best control of Diplodia SER was obtained by immersion for 60 s in
2000 mg/L of TBZ at pH 5 and 20 °C. In this condition, TBZ-residue loading on lemons was 3.0 mg-L−1, which
did not exceed the allowed maximum residue levels. TBZ applied in lemon commercial treatments is the best
option to reduce SER caused by both pathogens. At this time, this is the unique suitable alternative to replace
CARB treatment in Argentinean packinghouses.

1. Introduction

During the storage and marketing of citrus fruit, important eco-
nomic losses can occur due to postharvest diseases such as green mold
(caused by Penicillium digitatum), blue mold (Penicillium italicum),
Diplodia stem-end rot (Lasiodiplodia theobromae), Phomopsis stem-end
rot (Diaporthe citri), sour rot (Geotrichum citri-aurantii) and brown rot
(Phytophthora citrophthora or Phytophthora nicotianae) (Eckert and Eaks,
1989). Green mold is the most important citrus decay and sour rot,
although it is less common, causes significant losses in high rainfall
years (Eckert and Eaks, 1989). Diplodia and Phomopsis stem-end rot
(SER) are favored in production areas with high humid and subtropical
conditions and when fresh fruit are exposed to long-term handling,
storing, and transit time (Kucharek and Brown, 1992; Brown and
Eckert, 2000; Zhang, 2007).

Argentina is a world leader in lemon production, and the 85% of
this production is located in the Northwestern region (Tucumán) be-
tween 26 and 28°S of latitude (Federcitrus, 2016; Palacios, 2005).

Because this production area is far 10,000–17,000 km from the over-
seas markets, fresh fruit requires from 25 to 40 d reaching the final
consumers; this transit time is an important barrier that limits global
competitiveness. Additionally, the humid and warm environmental
conditions in Tucumán groves favor the infection and rapid develop-
ment of Diplodia and Phomopsis SER (Palacios, 2005). Therefore,
management of these two fungal postharvest diseases is central to
maintain fruit quality for a long period of time.

Fungicide application in the citrus packinghouse is one of the most
important steps for controlling of postharvest decay. The conventional
fungicides such as thiabendazole (TBZ) and imazalil (IMZ) are im-
portant in order to minimize these citrus diseases. Without fungicides,
overseas citrus trade would be significantly reduced (Adaskaveg et al.,
2004; Smilanick et al., 2006). To control SER on oranges, TBZ and IMZ
were used on the packinghouse in aqueous or wax treatments on fruit
(Ismail and Zhang, 2004). Three newer fungicides, pyrimethanil, flu-
dioxonil, and azoxystrobin, that are classified as reduced risk com-
pounds, were approved by the US EPA for postharvest use on various
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fruit including citrus (Adaskaveg et al., 2004). Previous reports on or-
anges fruit indicate that fludioxonil has good activity against SER nat-
ural infections, unlike pyrimethanil or fludioxonil (Zhang, 2007, 2009,
2012).

In the packinghouses of Tucumán the commercial control of green
mold, blue mold and sour rot is conducted by integrated procedures
with fungicides such as IMZ, TBZ, propiconazole and pyrimethanil,
among others (Palacios, 2005; Sepulveda et al., 2015). Moreover, the
commercial control of SER has been performed with the systemic fun-
gicides benomyl or CARB in a drench treatment. However, the use of
chemicals to control SER generates several problems due to the re-
strictions in lemon industry on the applied chemical species and the
allowed Maximum Residue Limits (MRL) in oversea markets (EFSA,
2014). For instance, CARB is not allowed in European Union, while
TBZ, a fungicide of the same FRAC group of CARB, is still permitted.
Hence, it is urgent to develop alternative technologies to control SER
disease.

In our previous work, the partial control of SER by low toxicity salts
as potassium sorbate, sodium bicarbonate and potassium phosphite on
artificially inoculated lemons has been reported (Cerioni et al., 2013).
The aim of the present study was to evaluate the effectiveness of con-
ventional and reduced-risk fungicides to control Diplodia and Pho-
mopsis SER.

2. Materials and methods

2.1. Chemical sources

Several postharvest fungicides were evaluated in vitro and in vivo.
The fungicides and their sources were: imazalil (IMZ, Fungaflor 500 EC,
44.6% a.i.; Janssen PMP), thiabendozale (TBZ, Tecto 500SC, 42.92%
a.i.; Syngenta); pyrimethanil (PYR, Mythos, 30% a.i.; Bayer
cropSciencie); IMZ plus PYR (Philabuster® 400 SC, 20% imazalil and
20% pyrimethanil; Janssen PMP); procloraz (PCLO, Sportak® 45 EC,
42.1% a.i.; Bayer CropScience); propiconazole (PROP, TILT® 25 EC,
25.1% a.i.; Syngenta); difenoconazole (DIF, BOGARD®, 25.1% a.i;
Syngenta); fludioxonil (FLUD, Scholar® 23SC, 23% a.i.; Syngenta);
azoxystrobin (AZO, AMISTAR®, 25% a.i.; Syngenta); fludioxonil (FLUD)
plus azoxystrobin (AZO) (Graduate A+, 20.6% fludioxonil and 20.6%
azoxystrobin; Syngenta); carbendazim (CARB, Carbendazim 50
NUFARM, 50% a.i.; NUFARM S.A.); and guazatine (GUA, KENOPEL®,
50% a.i.). Other compounds and their sources were: 1) potassium
phosphite (45.5% potassium phosphite, AFITAL Fosfito de Potasio,
AgroEMCODI); and 2) both sodium bicarbonate (SBC, 99% a.i.) and
potassium sorbate (KS, 99% a.i.) purchased from Sigma-Aldrich
Chemical Co. (St. Louis, MO).

2.2. Fungi

L. theobromae and D. citri were isolated from naturally decayed
lemons in Tucumán (Argentina) and were grown on potato dextrose
agar (PDA), at 28 °C for 7–14 d. Besides the morphology, cultural be-
havior and molecular characterization of both pathogens were done. 37
DNA were extracted from representative fungi isolates (10 from L.
theobromae and 27 from D. citri). Primers ITS4 and ITS5 were used to
amplify the internal transcribed spacer ITS1 and ITS2, including the
5.8 S region of rDNA (White et al., 1990). PCR products were purified
and sequenced in both directions at CERELA-CONICET, Tucumán. The
sequences were edited using the program sequencing analysis 5.3.1 and
aligned using BLAST of the National Center for Biotechnology In-
formation, National Institutes of Health USA (Bethesda, MD) with se-
quences representative isolates of each morphological group in Gen-
Bank. A 97% identity to Lasiodiplodia theobromae and 99% identity to
Diaphorte citri were obtained.

2.3. Fruit

Eureka lemons [Citrus limon (L.) Burm] were collected from com-
mercial orchards in Tucumán (Argentina) and stored at 7 °C and 90%
RH. Lemons used in the study were free of postharvest treatment or
coatings.

2.4. In vitro assays

TBZ, IMZ, PYR, IMZ plus PYR, and CARB were evaluated in vitro.
These fungicides were suspended on PDA obtaining final concentrations
of 1, 3 and 5 mg/L to prepare 9 mL plates. Mycelium plugs of each
pathogen grown previously at 28 °C for 7–14 d, were placed on each
Petri dish with the different fungicides concentrations. The colony
diameters were measured after 5 d of incubation at 28 °C. As a control,
mycelium of each pathogen was placed on PDA without fungicides.

2.5. Fruit inoculation

For in vivo fungicides evaluation, lemons were inoculated by a
toothpick method, adapted from Cerioni et al. (2013). The technique
was modified reducing the exposure times of the toothpicks to the pa-
thogens and of the fruit to the contaminated toothpicks. Briefly, five
portions of 5 × 5 mm diameter of mycelium plugs of each pathogen
were placed on PDA. Fifty quill-type wooden toothpicks were added
and incubated at 28 °C 24 h to ensure adequate contamination of the
toothpicks. After that, these sticks were used to inoculate lemons. They
were inserted approximately 1.5 cm diagonally downward into the
stylar-end of the lemon fruit. Then the inoculated fruit were stored at
20 °C and 95% relative humidity (RH) for 24 h. The toothpicks were
removed from the fruit before treatment with fungicides.

2.6. Fungicide treatments of inoculated lemons

L. theobromae and D. citri inoculated lemons were immersed for 60 s
in 20 L of water (control) or 2000 mg-L−1 of TBZ, IMZ, PYR, IMZ plus
PYR, PCLOZ, PROP, DIF, FLUD, AZO, FLUD plus AZO, GUA, or CARB
solutions at 20 °C. The fruit were not rinsed after treatment and were
stored for 4 d at 20 °C and 95% RH.

Similar tests were done to evaluate the effect of temperature in-
crease at 40 °C of the fungicides TBZ, IMZ, PYR and IMZ plus PYR.
These fungicides were evaluated in combination with 20 g/L KS or
30 g/L SBC. TBZ (2000 mg/L) was further evaluated with different
immersion times or pH, and in mixture with 20 g/L of KP and 1000 mg/
L PROP or PYR to control SER on L. theobromae-inoculated lemons.

2.7. Storage of fruit

After treatments, the fruit were stored at 20 °C and 95% HR. The
infected fruit were counted after 4 d. The asymptomatic fruit were
stored for 14 d before discharged.

2.8. TBZ residue analysis

Non-inoculated fruit were evaluated for TBZ residues with a GC-
NPD chromatograph (Agilent model 7890, Agilent Technologies, CA,
USA) in the Laboratory of Pesticide Residues of Estación Experimental
Agroindustrial-Obispo Colombres, Argentina. Residues were reported as
mg kg/FW.

2.9. Statistical analysis

Each treatment was applied to 5 replicates of 20 fruit each and the
whole test was done twice. The analysis of variance (ANOVA) was
applied on arcsine transformation of the square root of the proportion
of infected lemons in respect to total inoculated fruit for each
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treatment. Tukey’s HSD (p < 0.05) tests were used to separate means.
All analyses employed statistical software (with Statistix 9.0 Analytical
Software 2008 for Windows; USA).

3. Results and discussion

3.1. Effect of postharvest fungicides on mycelial growth of L. theobromae
and D. citri

The effect of fungicides on growth of L. theobromae and D. citri was
different. D. citri was more sensitive than L. theobromae to all the as-
sayed fungicides (Fig. 1). PYR was the less effective fungicide to inhibit
the mycelial growth of both pathogens, while CARB and TBZ were the
most effective. However, considering these two benzimidazoles, L.
theobromae was able to grow with TBZ at the lower assayed con-
centration. Either IMZ or Philabuster® (combination of IMZ and PYR) at
5 mg/L inhibited the mycelial growth of D. citri, while only inhibited
growth of L. theobromae by 25 or 75%, respectively. With Philabuster®,
a synergistic effect of IMZ and PYR was observed. The novelty of our
study is the comparison of the action of different fungicides on the two
etiological agents causing SER, by using local fungal isolates of lemon.
Similar results were shown in the few previous reports on the topic
(Zhang 2007, 2009, 2012) in which IMZ, PYR and TBZ were evaluated
on the growth of L. theobromae (previously named as Diplodia natalensis)
isolated in Florida from sweet citrus.

3.2. Control of SER on lemons by postharvest fungicides

Conventional and alternative postharvest fungicides were evaluated
on lemons that were artificially inoculated with both pathogens. The
inoculation method was optimized from Cerioni et al. (2013) to

increase the reproducibility assays to test chemical compounds. TBZ,
IMZ, PYR, PCLO, PROP, FLUD, AZO, GUA and CARB were evaluated to
control Phomopsis SER (Fig. 2). All fungicides evaluated, except for
PCLOR and PYR (with an incidence of 30%), were effective to control
this disease.

For Diplodia SER, TBZ, IMZ and IMZ plus PYR were the most ef-
fective, while FLUD, AZO, GUA, PYR, DIF, PROP, CARB, FLUD plus
AZO or PCLOZ had incidence values of between 30 and 80% (Fig. 3).
Note that, in the case of in vivo assays, the combination of IMZ plus PYR
(Philabuster®) did not improve the effectiveness of IMZ against Diplodia
SER. Phomopsis SER was easier to control than Diplodia SER for all the
fungicides evaluated. FLUD, AZO and PYR were effective to control
Phomopsis SER but they were unable to control Diplodia SER. It is re-
markable that the combination FLUD/AZO (Graduate A+) had a better
Diplodia SER control than the individual compounds. The new fungi-
cides FLUD, AZO y PYR, classified as reduced risk compounds, were
approved by the US EPA for their postharvest use on various fruits in-
cluding citrus (Adaskaveg et al., 2004; Zhang, 2003; 2007). Previous
reports showed that FLUD was effective to control Diplodia SER when it
was applied on naturally infected oranges (Zhang, 2007). In our ex-
perimental conditions, Diplodia SER was only controlled by the con-
ventional fungicides TBZ and IMZ. Fig. 4 shows the incidence of Di-
plodia SER after treatments with IMZ, CARB, TBZ, PYR, and IMZ plus
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PYR at 20 or 40 °C. When the fungicide solution temperature was in-
creased, the control of Diplodia SER decreased. Besides, the addition of
inorganic or organic salts (20 g/L KS or 30 g/L SBC) to the fungicide
solutions did not improve the Diplodia SER control in respect to fun-
gicides alone (Table 1). In previous report by Cerioni et al. (2013),
potassium sorbate was moderately effective to control Diplodia SER and
the temperature increase did not affect its effectiveness.

3.3. TBZ performance to control Diplodia SER on artificially inoculated
lemons

IMZ, as TBZ, controlled Diplodia SER, although this compound is
reserved for other decay management in order to minimize the risk of
resistance development mainly on Penicillium populations. Thus, TBZ
was further evaluated to control Diplodia SER at three pH values (5, 7,
or 8.5) and two immersion times (15 or 60 s) (Fig. 5). As the pH in-
creased, the effectiveness of TBZ decreased. The best treatment to
control Diplodia SER was fungicide solution at pH 5 and 60 s of im-
mersion. TBZ residue loading on lemons (insert in Fig. 5) was between
2.6 and 3.0 mg-Kg−1, values that did not exceed the maximum residue
levels. When TBZ was evaluated in combination with other fungicides
and the inorganic salt KP its performance did not improve, with Di-
plodia SER incidence percentage values of 20.0 ± 14.1 for TBZ/PYR/
KP and 15.0 ± 8.0 for TBZ/PROP/KP.

It has been reported that TBZ is effective for Diplodia SER control on
oranges in Florida (Ismail and Zhang, 2004). In commercial orchards, it
is usually applied in drenchers and in packinghouse line both in water
(1000 mg/L) and wax (2000 mg/L) sprays. In Argentinean packing-
houses, TBZ is only applied in sprays, in preselection and production
packingline.

L. theobromae is a saprophyte fungus that completes its life cycle on
dead stems and wood of citrus trees in groves. On fruit in groves, fungal
colonization remains latent and does not causes fruit decay before
harvest. Infections develop after harvest especially under conditions of
high temperature and elevated relative humidity that occur mainly
during ethylene degreening treatments (Kucharek and Brown, 1992).
The level of control accomplished by postharvest treatments with TBZ
could be improved with some preharvest practices. In preliminary tests,
we observed that head and lateral pruning reduced melanose and SER
symptoms, while the removal of internal dead branches did not affect
the SER incidence (data not shown). This insight should be considered
for the design of an integrated pre- and postharvest management to
control Diplodia SER and other postharvest diseases.

4. Conclusions

To our knowledge, this is the first report where an artificial in-
oculation method was used to evaluate chemical fungicides against SER
disease in lemon fruit. All the fungicides evaluated were more effective
to control Phomopsis SER than Diplodia SER. The reduced-risk products
as FLUD, AZO, PROP or PYR reduced Phomopsis SER incidence, but
they did not control Diplodia SER. The application of conventional
fungicide TBZ in commercial treatments remains the best option to
reduce SER caused by both pathogens on lemons in the Argentinean
packinghouses.
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