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Abstract: Key lime (Citrus aurantiifolia) is an emerging crop in Italy, especially in the Southern
regions, where the environmental conditions are suitable for its cultivation. A field survey in Sicily
in a commercial orchard of Key lime revealed the widespread presence of water-soaked spots and
sunken/dry lesions at the stylar-end, mainly in pre-harvest condition. Water-soaked spots were
attributed to Geotrichum citri-aurantii, an agent of sour rot on Citrus spp., whereas the sunken/dry
lesion was attributed to the physiological disorder known as stylar-end breakdown. Sour rot and
stylar-end breakdown are usually considered post-harvest diseases and rarely found in the field on
fruit still attached to the tree. Although Geotrichum citri-aurantii is not responsible for the stylar-end
breakdown, its association with this alteration reveals the importance of the environmental conditions
and the agronomic practices in diseases/disorders development. In addition, to our knowledge, this
is the first report of Geotrichum citri-aurantii on Key lime in Europe.

Keywords: stylar-and rot; disorder; Geotrichum citri-aurantii; fungal disease; molecular characteriza-
tion

1. Introduction

Lime is a hesperidium fruit (Rutaceae) classified in three groups: sweet lime (Citrus
limetta), acid lime, including the “Key” lime (C. aurantiifolia), and the Australian finger lime
(C. australasica) [1]. Global top producers of lemons/limes (1000 metric tons unit) include
Mexico (2870), the European Union (1640) and Argentina (1030) [2]. Many pathogen-pest
complexes are known as a severe threat for lime production around the world. Regarding
fungal diseases, Anthracnose (Colletotrichum acutatum), Melanose (Diaporthe citri), Scab
(Elsinoe fawcettii) and Stem-end rot (Lasiodiplodia theobromae and Phomopsis citri) are the
main diseases reported [3–5]. Important post-harvest diseases are caused by Penicillium
digitatum (green mould), P. italicum (blue mould) and Geotrichum candidum (sour rot) [4,6,7].
No less important than pathological decays, post-harvest disorders such as chilling injury,
oil spotting (oleocellosis) and stylar-end breakdown (SEB) represent a significant limiting
factor of lime quality [5,8]. A survey in a commercial Key lime orchard in Sicily (Italy)
cultivated under shade netting revealed an abundant presence of fruit (attached to the trees
and harvested as well) showing lesions at the stylar-end. Part of the fruit observed in the
field showed water-soaked spots at the stylar-end turning from light to dark yellow, slightly
raised spots, and sometimes the presence of white mycelium on fruit epicarp. Other fruit
showed sunken, dry, tan lesions at the stylar-end, sometimes in conjunction with the other
symptoms described above. Since Key lime is considered a new and emerging crop in Italy,
especially in the Southern regions, it is crucial to identify pathogens and limiting factors
for this crop in order to properly manage the cultivation. The aim of this study was to
investigate the etiology of the lesions observed in both phases of pre-harvest as well as
post-harvest.
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2. Results

Field survey conducted in November of 2020 in three hectares of commercial orchard
of Key lime (~1300 trees) cultivated under shade netting in Catania Province, Sicily (Italy)
showed the presence of almost 15% symptomatic fruit. Limes still attached to the trees, as
well as those already harvested, showed sunken and dry lesions at the stylar-end, often
covering up to half of the fruit surface (Figure 1a–c). Symptoms of water-soaked spots at
the stylar-end were also observed on attached and harvested fruits, often showing white
mycelium on the rotten area (Figures 1d–f and 2a). Fruit showing SEB symptoms, once cut
in half, showed the presence of translucid areas close to the stylar-end and the mammiform
tip. From both kinds of symptoms, a filamentous yeast-like fungus was consistently
isolated, having a thin, flat, white-to-cream, lightly powdery mycelium, firstly identified
as Geotrichum-like (Figure 2b). Arthroconidia were hyaline, sub-globose-to-cylindrical in
shape, ranging from (5.4-) 7.2 ± 1.1 (-10.4) × (3-) 4 ± 0.6 (-5.2) µm (Figure 2c). Regarding
the molecular characterization, chromatograms resulting from the sequencing of partial
internal transcriber spacer region (ITS) revealed the presence of dual peaks, especially in
forwards. Multiple attempts were made in isolates’ reculturing, DNA re-extractions and
sequencing, but the amplicons always showed dual peaks, which was the reason why
the BLAST search was conducted using the reverse sequences only, which seemed to be
clean for at least 230 bp. Edited reverse amplicons (232 bp) showed 100% identity with
Galactomyces citri-aurantii (asexual morph Geotrichum citri-aurantii) (GenBank accession
MH153586). The results from the pathogenicity test, summarized in Table 1, reveal that only
over-ripe limes incubated at 25 ◦C developed symptoms of water-soaked spots at 48 h (22%)
and seven days (77%) after inoculation, as well as ripe lemons “Femminello Siracusano
2 KR” after seven days (55%) (Figure 2d). Some fruit developed white mycelium on the
epicarp. None of the inoculated fruit developed sunken/dry lesions, typical symptom of
SEB, at the stylar-end. Therefore, this result induced us to attribute this symptom to the
physiological disorder known as stylar-end breakdown (SEB), whereas the water-soaked
spots were attributed to the sour rot. Controls did not show any symptom. Reisolations
from symptomatic limes and lemons showed 100% G. citri-aurantii and no fungal colonies
from controls.
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Figure 2. Sour rot details. (a Key limes after harvesting showing symptoms at the stylar-end (SEB and
sour rot); (b) 10-days-old colony of Geotrichum citri-aurantii isolate Geo1 on PDA; (c) arthroconidia of
G. citri-aurantii isolate Geo1 (scale bar = 50 µm); (d) ripe (left) and over-ripe (right) Key limes seven
days after inoculation. Black dots represent the inoculation sites.

Table 1. Treatment conditions and Disease Incidence (D. I.) in pathogenicity test.

Treatment Conditions D.I. 48 h D.I. 7 Days

Over-ripe lime 25 ◦C 22% 77%
Ripe (green) lime 25 ◦C 0% 0%

Over-ripe lime 4 ◦C 0% 0%
Ripe lemon 25 ◦C 0% 55%
Ripe lemon 4 ◦C 0% 0%

Control 0% 0%

3. Discussion

The results of the present study highlight unusual alterations of Key lime in pre-
harvest condition. Field surveys revealed two different symptoms at the stylar-end: water-
soaked spots covered with a yeasty, sometimes wrinkled layer of white-colored mycelium,
and sunken/dry lesions. The results of isolations showed a high incidence of a yeast-
fungus, characterized as G. citri-aurantii. The identity of the six isolates characterized based
on morphological aspects was complemented by means of the partial internal transcribed
spacer sequences. Difficulties in the sequencing of the ITS region, and the constant presence
of dual peaks in the resulting amplicons after many sequencing efforts, emerged from this
study. Other authors reported the same issues with Geotrichum spp., especially for the
ribosomial DNA, which seemed to be characterized by a high heterogeneity [9–11]. These
authors constantly noticed the presence of dual peaks, and most of the analyzed strains
were processed multiple times in order to avoid the possibility of some methodological
mistake. The results of previous researches demonstrated the presence of many different
ITS1-5.8S-ITS2 variants within the same strains [9–11]. The similarity of our difficult
sequencing of the ribosomial DNA led us to hypothesize intragenomic rDNA variability
within our isolates, as previously confirmed [9–11]. Sour rot of citrus fruit was described
in California in 1917 and was attributed to Oospora citri-aurantii [12], nowadays named G.
citri-aurantii [13], a variety of G. candidum (Mycobank current name G. candidum var. citri-
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aurantii MB# 123736). Sour rot usually leads to a complete disintegration of the fruit due
to the degrading activity of the extracellular enzymes of the fungus in the rind, segment
walls and juice vesicles [13]. The physiological disorder known as stylar-end breakdown
has been deeply investigated, being one of the main limiting factors in lime production
and commercialization. It is mainly considered a post-harvest disorder, but it occasionally
occurs in pre-harvest under certain conditions: particularly with high temperatures after
rainy events [13]. Suffice it to say that the lime industry in the US has deemed SEB its
number one problem [14]. For many years, researchers thought that it was a rind disorder
determined by a chain reaction of cellular breakdown that rapidly spread to the albedo
and flavedo after the fruit struck the ground [14]. Many studies investigated the causes
of this disorder, leading to the conclusion that the affected area was determined by the
juice vesicles’ rupture and chlorophyll destruction in the rind [13]. Further investigations
revealed that the cause of the characteristic symptom at the stylar-end was the rupture of the
juice vesicles and the passing of the juice into the rind [14]. Although there is no evidence
of any microorganism responsible for SEB, but only physiological processes, it is interesting
to underline the environmental conditions responsible for its occurrence and the possible
association with some microorganism. The results of our pathogenicity tests revealed that
G. citri-aurantii was responsible for the water-soaked spots at the stylar-end. Devenport
et al. [14] studied three factors that could contribute to the incidence of SEB, which were
bruising, fruit maturity (size) and field heat, and tried to elucidate the mechanisms involved
in the vesicles’ rupture. One of the mechanisms could pertain to the weakening of vesicles’
membranes and cell walls, and the consequent inability to withstand the turgor pressure;
and another mechanism could pertain to the resistance limit point of the turgor and/or
the internal fruit pressure. The authors concluded that excessive turgor pressure and heat
stress associated with fruit maturity were the causes of the disorder; thereby, they strongly
recommend that one avoid over-ripening on the tree [14]. It is interesting to note that all
these factors that are related to SEB disorder are the same that predispose limes to sour
rot. As demonstrated for lemon fruit, the physiological age, storage time and water status
of the fruit are the main factors influencing susceptibility to sour rot [15]. Although we
cannot affirm any relation of causality between the presence of G. citri-aurantii in fruit
affected by SEB, we can indeed confirm, as previously affirmed [16], that fruit showing
SEB symptoms facilitate the development of the sour rot. Our field survey revealed that
lime fruit showing sour rot in pre-harvest were significantly over-ripe. Pathogenicity tests,
in fact, confirmed that the highest percentage of disease incidence resulted in over-ripe
limes incubated at 25 ◦C, whereas over-ripe limes incubated at 4 ◦C and ripe (green) limes
incubated at 25 ◦C did not show any symptoms of sour rot. These results indicate that
environmental and physiological factors are crucial in the disease development. Harvesting
practices therefore become an important step in order to control SEB disorder and sour
rot. The orchard investigated in our study showed different agronomic and environmental
conditions important in fruit diseases/alterations. Trees were grown under shade netting,
and this, with respect to an open-air system, could provide suitable conditions for the
pathogen in terms of humidity and canopy ventilation, along with the heavy clay/lime soil
and the presence of infected fruit left in the orchard. As demonstrated in California, where
environmental conditions for sour rot of peach and nectarine infrequently occur, a high soil
pathogen population, the presence of fallen fruit remaining on the ground and episodes of
high humidity led to sour rot in the field [17]. Our field observations revealed the presence
of infected fruit that remained on the ground or attached to the trees. This condition, in
addition to the presence of rain or insects, represents a critical situation for the growers.
The dispersal of inoculum vectored by insects is reported for this pathogen, mainly carried
on the body surface of fruit flies and nitidulid beetles [17], and therefore it is strongly
recommended that one discard infected fruit from the orchard. Geotrichum candidum is
widely reported to be found in the soil [18,19], and this represents an important source
of inoculum, especially in the case of soil contamination of the fruit packing line from
the orchard to the packinghouse [17]. Investigating the Geotrichum spp. soil population
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is relevant in terms of its management. Studies conducted in California demonstrated a
decline of the G. candidum population with an increasing soil depth [17]. Both sour rot
and SEB are considered mainly post-harvest diseases. The results of our study highlight
how environmental and agronomic conditions are very important in preventing important
diseases and/or alterations.

4. Materials and Methods
4.1. Isolation

The incidence of symptomatic fruit in field was determined on approximately 40 plants,
randomly selected. Fifty symptomatic fruit samples were brought to the Plant Pathol-
ogy laboratory of the Dipartimento di Agricoltura, Alimentazione e Ambiente, Sezione
di Patologia vegetale, University of Catania for further investigations. Small sections
(0.5 × 0.5 cm2) of diseased albedo and flavedo tissues were surface-disinfected for 1 min in
1.5% sodium hypochlorite, rinsed in sterile water, placed on potato dextrose agar (PDA,
Lickson) amended with 100 mg/liter of streptomycin sulfate (Sigma-Aldrich, St. Louis,
MO, USA) to prevent bacterial growth, and then incubated at 25 ± 1 ◦C for three–four days.
Representative single-spore isolates of fungal colonies were obtained from pure cultures
grown on PDA at 25 ± 1 ◦C.

4.2. Morphological and Molecular Characterization

For the morphological characterization of the pathogen, the length and width of
30 arthroconidia from the seven-days-old colony of the isolate Geo1 grown on PDA were
measured using a fluorescence microscope (Olympus-BX61) coupled to an Olympus DP70
digital camera; images and measurements were captured using the software analySIS
Image Processing. Dimensions are reported as the minimum and maximum in parentheses,
and the average is reported with the standard deviation. Representative isolates were
stored in the Plant Pathology collection of the Dipartimento di Agricoltura, Alimentazione
e Ambiente, Sezione di Patologia vegetale, University of Catania. Genomic DNA of
the selected isolates (Geo1, 2, 5, 8, 9 and 11) was extracted using the Gentra Puregene
Yeast/Bact. Kit (Qiagen), Wizard Genomic DNA Purification Kit (Promega Corporation,
Madison, WI, USA), and also directly extracted by Macrogen Inc. (Seoul, South Korea). The
internal transcriber spacer region (ITS) of the nuclear ribosomal RNA cluster was repeatedly
amplified with different primer combinations, using ITS1f/ITS5 and ITS4 [20,21]. PCR
amplification conditions were set as follows: initial denaturation temperature of 94 ◦C for
30 s, followed by 35 cycles at the denaturation temperature of 94 ◦C for 30 s, annealing
temperature of 50–52 ◦C for 1 min, extension at 68 ◦C for 1 min, and final extension at 68 ◦C
for 5 min. PCR products were purified and sequenced in both directions by Macrogen
Inc. (South Korea). The same region was also sequenced by Macrogen Inc. (South Korea)
using primers ITS1/ITS4 [21]. Sequences were read and edited using MEGAX: Molecular
Evolutionary Genetics Analysis [22]. BLAST searches were performed against the NCBI
nucleotide database [23].

4.3. Pathogenicity Test

In order to fulfil Koch’s postulates, a total of 18 fruit for each treatment condition
were used in the pathogenicity tests. Two inoculation sites were used for each fruit at
the stylar-end. Five fruit for each treatment were used as control. Treatment conditions
consisted of: (a) over-ripe Key limes; (b) ripe lemons “Femminello Siracusano 2 KR”; and (c)
ripe (green) Key limes. Each treatment was incubated at 25 ◦C, and treatments a and b were
also incubated at 4 ◦C. Fruit were surface-disinfected in 2% sodium hypochlorite solution
for 10 min and rinsed twice in sterile deionized water. Once completely air-dried on a
laboratory bench, two wounds were made with a needle (insulin syringe) at the stylar-end
on the opposite sides respectively, and 20 µL of 106 arthroconidia/mL suspension of the
isolate Geo1 were pipetted onto two inoculation sites. Controls consisted of wounded
fruit inoculated with sterile water only. Replicates were kept in plastic containers to
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maintain a high humidity in a growth chamber with a 12 h photoperiod at 25 ± 1 ◦C and
in the refrigerator at 4 ◦C. The disease incidence, indicated as the percentage (%) of fruit
showing a rotten area in at least one inoculation site, was recorded 48 h and seven days
after inoculation. Reisolations were conducted as described above from representative
inoculated fruit and from controls in order to fulfill Koch’s postulates.

5. Conclusions

This study underlines an unusual presence in pre-harvest of stylar-end breakdown
and sour rot caused by G. citri-aurantii on Key lime, usually considered post-harvest
diseases. Environmental conditions and agronomic practices could be crucial to prevent
the occurrence of both alterations on this crop, which represents an important economic
income for growers in Italy and Mediterranean countries. In addition, to our knowledge,
this is the first report of G. citri-aurantii on Key lime in Europe.

Author Contributions: G.G. performed the experiments, interpreted data and wrote the original
manuscript; A.F. performed the experiments and the molecular analysis. D.A. critically revised the
manuscript and contributed to the writing of the original manuscript; and G.P. designed the research,
conducted the field survey, critically revised the manuscript and contributed to the writing of the
original manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: The authors thank the grants that supported this work: Programma Ricerca di Ateneo
UNICT 2020–2022 Linea 2, and MEDIT-ECO Piano della Ricerca Linea 2—University of Catania
(Italy).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Data available on request due to restrictions, e.g., privacy or ethical.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Mabberley, D. Citrus (Rutaceae): A review of recent advances in etymology, systematics and medical applications. Blumea Biodivers.

Evol. Biogeogr. Plants 2004, 49, 481–498. [CrossRef]
2. USDA. Citrus: World Markets and Trade; United States Department of Agriculture, Foreign Agricultural Service, Office of Global

Analysis: Washington, DC, USA, 2021; p. 13.
3. Donkersley, P.; Silva, F.W.; Carvalho, C.M.; Al-Sadi, A.M.; Elliot, S.L. Biological, environmental and socioeconomic threats to

citrus lime production. J. Plant Dis. Prot. 2018, 125, 339–356. [CrossRef]
4. Al-Sadi, A.M.; Queiroz, R.B.; Donkersley, P.; Nasehi, A.; Elliot, S.L. Plant Protection: Lime Diseases and Insect Pests. In The Lime:

Botany, Production and Uses; Khan, M.M., Al-Yahyai, R., Al-Said, F., Eds.; CABI: Wallingford, UK, 2017; pp. 149–166. [CrossRef]
5. Rivera-Cabrera, F.; Ponce-Valadez, M.; Sanchez, F.; Villegas-Monter, A.; Perez-Flores, L. Acid limes. A Review. Fresh Prod. 2010, 4,

116–122.
6. Morsy, A.A.; Abd El-Kader, M.M. Occurrence of lime sour rot in Egypt. In Proceedings of the 7th Congress of Egyption

Phytopathology Society, Giza, Egypt, April 1994; pp. 251–256.
7. Hernández-Montiel, L.G.; Holguín-Peña, R.J.; Latisnere-Barragan, H. First report of sour rot caused by Geotrichum citri-aurantii on

Key Lime (Citrus aurantifolia) in Colima State, Mexico. Plant Dis. 2010, 94, 488. [CrossRef] [PubMed]
8. Ferguson, L.; Grafton-Cardwell, E.E. Citrus Production Manual; UCANR Publications: Oakland, CA, USA, 2014; Volume 433.
9. Groenewald, M.; Coutinho, T.; Smith, M.T.; van der Walt, J.P. Species reassignment of Geotrichum bryndzae, Geotrichum phurueaensis,

Geotrichum silvicola and Geotrichum vulgare based on phylogenetic analyses and mating compatibility. Int. J. Syst. Evol. Microbiol.
2012, 62, 3072–3080. [CrossRef] [PubMed]

10. Alper, I.; Frenette, M.; Labrie, S. Ribosomal DNA polymorphisms in the yeast Geotrichum candidum. Fungal Biol. 2011, 115,
1259–1269. [CrossRef] [PubMed]

11. De Hoog, G.S.; Smith, M.T. Ribosomal gene phylogeny and species delimitation in Geotrichum and its teleomorphs. Stud. Mycol.
2004, 50, 489–515.

12. Smith, C.O. Sour rot of lemon in California. Phytopathology 1917, 7, 37–41.
13. Timmer, L.W.; Garnsey, S.M.; Graham, J.H. (Eds.) Compendium of Citrus Diseases, 2nd ed.; The American Phytopathological Society

(APS): St. Paul, MI, USA, 1999; Volume 43.
14. Davenport, T.L.; Campbell, C.W.; Orth, P.G. Stylar-end breakdown in ’Tahiti’ lime: Some causes and cures. In Proceedings of the

Florida State Horticultural Society, Miami Beach, FL, USA, 2–4 November 1976; Volume 89, pp. 245–247.
15. Baudoin, A.B.A.M.; Eckert, J.W. Factors influencing the susceptibility of lemons to infection by Geotrichum candidum. Phytopathology

1982, 72, 1592–1597. [CrossRef]

http://doi.org/10.3767/000651904X484432
http://doi.org/10.1007/s41348-018-0160-x
http://doi.org/10.1079/9781780647845.0149
http://doi.org/10.1094/PDIS-94-4-0488B
http://www.ncbi.nlm.nih.gov/pubmed/30754509
http://doi.org/10.1099/ijs.0.038984-0
http://www.ncbi.nlm.nih.gov/pubmed/22798647
http://doi.org/10.1016/j.funbio.2011.09.002
http://www.ncbi.nlm.nih.gov/pubmed/22115445
http://doi.org/10.1094/Phyto-72-1592


Plants 2021, 10, 989 7 of 7

16. Rose, D.H.; Brooks, C.; Bratley, C.O.; Winston, J.R. Market Diseases of Fruits and Vegetables: Citrus and other Subtropical Fruits;
Miscellaneous Publication-Department of Agriculture: Washington, DC, USA, 1943; Volume 498, p. 16.

17. Yaghmour, M.A.; Bostock, R.M.; Morgan, D.P.; Michailides, T.J. Biology and sources of inoculum of Geotrichum candidum causing
sour rot of peach and nectarine fruit in California. Plant Dis. 2012, 96, 204–210. [CrossRef] [PubMed]

18. Butler, E.E.; Eckert, J.W. A sensitive method for isolation of Geotrichum candidum from soil. Mycologia 1962, 54, 106–109. [CrossRef]
19. Hershenhorn, J.; Dori, S.; Barash, I. Association of Geotrichum citri-aurantii with citrus groves in Israel. Phytoparasitica 1992, 20,

31–36. [CrossRef]
20. Gardes, M.; Bruns, T.D. ITS primers with enhanced specificity for basidiomycetes: Application to the identification of mycorrhizae

andrusts. Mol. Ecol. 1993, 2, 113–118. [CrossRef] [PubMed]
21. White, T.J.; Bruns, T.; Lee, S.; Taylor, J.W. Amplification and direct sequencing of fungal ribosomal RNA genes for phylogenetics.

In PCR Protocols: A Guide to Methods and Applications; Innis, M.A., Gelfand, D.H., Sninsky, J.J., White, T.J., Eds.; Academic Press:
San Diego, CA, USA, 1990; pp. 315–322.

22. Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular evolutionary genetics analysis across computing
platforms. Mol. Biol. Evol. 2018, 35, 1547–1549. [CrossRef] [PubMed]

23. Altschul, S.F.; Madden, T.L.; Schaffer, A.A.; Zhang, Z.; Miller, W.; Lipman, D.J. Gapped BLAST and PSI-BLAST: A new generation
of protein databases search programs. Nucleic Acids Res. 1997, 25, 3389–3402. [CrossRef] [PubMed]

http://doi.org/10.1094/PDIS-05-11-0391
http://www.ncbi.nlm.nih.gov/pubmed/30731809
http://doi.org/10.2307/3756605
http://doi.org/10.1007/BF02995632
http://doi.org/10.1111/j.1365-294X.1993.tb00005.x
http://www.ncbi.nlm.nih.gov/pubmed/8180733
http://doi.org/10.1093/molbev/msy096
http://www.ncbi.nlm.nih.gov/pubmed/29722887
http://doi.org/10.1093/nar/25.17.3389
http://www.ncbi.nlm.nih.gov/pubmed/9254694

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Isolation 
	Morphological and Molecular Characterization 
	Pathogenicity Test 

	Conclusions 
	References

