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Coffee is very valuable. However, it is subjected to various pest and diseases of which mycotoxin contamination is
of great importance in terms of the health of consumers and economic loss. The major compound of concern is
ochratoxin A (OTA) which has statutory limits imposed on the commodity in, for example, the European
Union. The concentrations of OTA appear often well within the limits and the situation is containable, although
some surveys revealed levels higher than statutory limits and frequency of contamination was often high. The
producing fungi are Aspergilli. Nevertheless, there remains some misidentification in the literature in relation

ﬁiﬂg‘:ds' to Aspergillus ochraceus and Aspergillus westerdijkiae: other important producers are Aspergillus carbonarius and
Robusta Aspergillus niger. Coffee husks are high in OTA and are fortunately removed during processing. Beans obtained
Ochratoxin after falling on the soil and coffee which had been floated as part of processing, were reported as high in OTA
Aflatoxin and should be avoided. The presence of aflatoxins (AF) needs consideration. More work is required on the pres-
Aspergillus ence of fumonisins in coffee. The effect of climate change on mycotoxins in coffee requires urgent consideration

Global warming as, for example, AF may become more problematic than OTA in 50 years. Finally, careful monitoring of coffee is

essential to nurture this desirable commodity into the future.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Coffee is valuable and enjoyable. The commodity is the most traded
apart from oil and is consumed as a beverage in vast numbers of cafes
and homes around the world. Furthermore, worldwide coffee consump-
tion has nearly doubled over 40 years and is forecast to be greater than
9 million tonnes by 2019. More than 70 developing countries produce
coffee of vital importance to their balance of payments and Brazil
grew an average of 2.5 million tonnes/year from 2007 to 2011. The
major consumers are all in developed regions, i.e. USA, Europe and
Japan, apart from Brazil which is the second largest consumer. Coffee
is important to social development and an excellent resource for rural
employment, which provides work for 125 million people globally
(Taniwaki, Teixeira, Teixeira, Copetti, & Lamanaka, 2014). Vietnam has
dramatically increased coffee production recently to become the
world's second biggest producer after Brazil. Coffee is produced in all
continents in tropical regions of the world (Fig. 1), including more re-
cently in Australia and Yunnan Province, China (Oestreich-Janzen,
2010). Lists of producing countries are available (FAO/WHO, 2008;
Oestreich-Janzen, 2010; Table 1).
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However, it is subjected to various pests and diseases of which my-
cotoxin contamination by fungi has been of great concern for decades
(Levi, Trenk, & Mohr, 1974; Paterson, Baker, & van der Stegen, 2001).
Furthermore, the importance of climate change (CC) (IPCC, 2013) to
coffee production (Davis, Gole, Baena, & Moat, 2012) and the effect of
CC on mycotoxin contamination (Paterson & Lima, 2010a, 2011,
2012), require urgent consideration. The commodity is susceptible to
mycotoxigenic fungal growth because of the hot humid conditions en-
countered which are optimal for these fungi. There are two coffee
species that are employed, Coffea arabica (Arabica coffee) and Coffea
canephora (Robusta coffee). The quality of the beans at the end of pro-
cessing influences the price achieved when sold on the market and de-
fects in coffee beans are undesired because they decrease the coffee
quality. Coffee fruits in contact with the soil for long periods allow con-
tamination by microorganisms and the formation of black and sour de-
fective beans. Some of these microorganisms are fungi which can
produce toxins (Taniwaki et al.,, 2014).

Furthermore, there are two optimal growing climates for Arabica
beans: the (a) subtropical regions at high altitudes of 16-24° where
rainy and dry seasons are well defined, and altitude must be between
550 and 1100 m. These environments result in one growing season
and maturation season, usually in the coldest part of autumn. Examples
are the Brazilian S. Paulo and Minas Gerais regions, Jamaica, Mexico and
Zimbabwe; and (b) equatorial regions at latitudes lower than 10° and
altitudes of 1100-1900 m where frequent rainfall causes almost
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Fig. 1. Worldwide production of coffee. The Yunnan highland of China is not shown on this map which has become a recent producer.

continuous flowering, resulting in two coffee harvesting seasons. The
highest rainfall period determines the principal harvesting period and
mechanical dryers are used because rainfall is too frequent for patio dry-
ing in this environment. Kenya, Colombia, and Ethiopia have these cof-
fee growing environments. Generally, Robusta coffee is grown at lower
altitudes (sea level — 900 m) at 10° North and South of the equator.

Some inter-specific crosses of the two species are used in coffee pro-
duction (FAO, 2006). This publication mentions that Arabica coffee re-
quires altitudes of between 600 and 1600 m, whereas Robusta can be
grown at sea level but is often grown in wet tropical highlands. In gen-
eral, the guidelines for prevention of mould on coffee should be read
and adhered to (FAO, 2006). Furthermore, the Codex Alimentarius Com-
mission (CAC, 2009) states that Arabica coffee is grown at 600-2000 m
with an average temperature between 18 and 22.5 °C and Robusta cof-
fee is grown at below 600 m where average temperature is between 22
and 26 °C, both in the wet tropics, and these are humid conditions suit-
able for fungal growth. Fig. 2 indicates the various stages of wet and dry
processed processing of coffee to assist in understanding critical points
for fungal contamination (CAC, 2009). These involve preharvest, post-
harvest, storage and processing stages when reduced to the basic ele-
ments. The various climates and production systems confer different
risks for the development of OTA producing fungi. In shaded coffee
plantations, the soil remains moist even if there is a dry season. In
some regions the harvest period (typically stretching over three
months) coincides with a rainy season or humid conditions. Under
these scenarios, there is a high risk of fallen coffee fruit becoming gross-
ly contaminated with fungi. In unshaded production systems where the
harvest is conducted in a dry season, the risk is reduced (FAO/WHO,
2008). Hence, in terms of CC (see later), a logical response would be
to decrease the amount of shade if the weather becomes more humid
and vice versa. A definition of mycotoxins will now follow which are
the primary concerns of this review.

Mycotoxins are fungal compounds that cause low performance, sick-
ness or death in people and/or animals when ingested, inhaled or
absorbed. The most direct method to indicate if there is mycotoxin con-
tamination is to analyse crops such as coffee, directly for particular my-
cotoxins using chromatography: mycological surveys of crops are useful
to determine the potential for mycotoxin contamination. The principal
mycotoxigenic Aspergillus, Penicillium and Fusarium spp. are present
throughout coffee production (Batista, Chalfoun, Prado, Schwan, &

Wheals, 2003; Nakajima, Tsubouchi, Miyabe, & Ueno, 1997), although
there are normally few fungi in the final product on the supermarket
shelf. However, mycotoxins may be detectable in the final product.
The toxicity of mycotoxins is classified by the International Agency
for Research on Cancer (IARC, 1993), where aflatoxins (AF) are consid-
ered carcinogenic to humans and others are placed in categories
reserved for the less toxic compounds (Paterson & Lima, 2010b;
Venancio & Paterson, 2007). Importantly, there are no statutory limits
on fungi on crops — only for some mycotoxins. The most significant of
these low molecular weight secondary metabolites are produced by a
small number of fungal species. Mycotoxins occur naturally and are
the most prevalent source of food-related health risk in field crops.
Approximately 25% of the global food and feed crop output is affected.

2. Ochratoxin A producing fungi in coffee

Coffee cherries and beans are subjected to colonization by microor-
ganisms during development, harvesting, preparation, transport and
storage (Fig. 2). The cherries will also be exposed to damage by insects
and birds and detrimental macro/and microenvironmental factors
(Paterson & Lima, 2010a, 2011), which will influence how ochratoxigenic
fungi develop. Coffee fruits and beans may be contaminated by (a) OTA,
compromising safety and quality and/or (b) ochratoxigenic fungi, pre-
senting a risk of OTA contamination (Batista et al., 2009). Interestingly,
areason for the low incidence and levels of mycotoxins in green coffee
beans may be related to inhibition of fungal growth by the caffeine in
coffee (Levi et al., 1974; Micco, Grossi, Miraglia, & Brera, 1989). Howev-
er, some strains of Aspergillus flavus and Aspergillus ochraceus produced
high AFB and OTA with 0.1-1.0% caffeine added to the growth media
(Nakajima et al., 1997).

OTA is produced by some Aspergillus and Penicillium species with As-
pergilli being the more common producers on crops in tropical climates
(Venancio & Paterson, 2007) because the fungi have adapted to the hot,
humid climates (Paterson & Lima, 2010a, 2011, 2012). The sources of
OTA in coffee are probably the known fungal OTA producers of
Aspergillus sections Circumdati and Nigri (Batista et al., 2003; Joosten,
Goetz, Pittet, Schellenberg, & Bucheli, 2001; Taniwaki, Pitt, Teixeira, &
lamanaka, 2003). Two Penicillia known to produce OTA, Penicillium
verrucosum and Penicillium nordicum, are less likely, as they are
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Table 1

Incidence of ochratoxin A in commercial raw coffee worldwide.
Origin No. of samples/no. of positive Range of OTA (ug/kg) Coffee type Reference
Angola 4/0 <207 N.SP Levi et al. (1974)
Brazil 7/3 Trace-360 " "
Colombia 139/17 Trace-50 " "
African countries 15/2 Trace-<20?
Unknown 102/7 Trace
Brazil 14/10 0.2-3.7 Arabica Micco et al. (1989)
African countries 7/6 Traces-15 Robusta "
African countries 2/0 <0.01* Arabica
Colombia 211 33 Arabica
Costa Rica 2/1 Traces Arabica "
Mexico 21 14 Arabica "
Brazil 5/3 20-74 N.SP Studer-Rohr et al. (1995)
Colombia 5/3 1.2-98 " "
Central America 3/0 <0.5%
New Guinea 1/0 <0.5%
African countries 7/4 <0.5%-56
America, Africa, Papua New Guinea 153/31 0.2-9.0 Arabica MAFF (1996)
America, Africa, Asia 75/55 0.2-27.3 Robusta "
Yemen 10/7 0.7-17.4 Arabica Nakajima et al. (1997)
African countries 10/5 <0.1-7.2 Arabica "
Indonesia 9/2 0.2-1.0 Robusta
Central America 6/0 <0.1? Arabica
South America 12/0 <0.1¢ Arabica "
East Africa 42/33 0.2-62.0 N.SP Heilmann et al. (1999)
West Africa 9/9 0.3-5.0 " "
Asia 29/20 0.2-49
Central America 15/6 0.2-0.8 "
South America 17/5 0.2-1.0 "
South America 19/9 0.1-49 N.SP Trucksess et al. (1999)
Africa 84/76 0.5-48.0 N.S.° Romani et al. (2000)
Latin America 60/19 0.1-7.7 " "
Asia 18/11 0.2-49
Brazil 3717 0.2-6.2 Arabica Golliicke, Taniwaki and Tavares (2004)
Brazil 132/27 0.7-47.8 Arabica Leoni et al. (2000)
Brazil 40/5 0.6-44 Arabica Batista et al. (2003)
Brazil 60/20 02-73 Arabica Martins et al. (2003)
Africa 12/12 24-233 Robusta Pardo et al. (2004)
America 31/31 13-27.7 Arabica "
Asia 14/14 1.6-31.5 Arabica and Robusta
Vietnam 30/10 04-1.8 Robusta Leong et al. (2007)
Thailand 32/28 <0.6-55 Arabica Noonim, Mahakarnchanakul, Nielsen et al. (2008)
Thailand 32/32 1.3-89 Robusta "
India 39/25 02-43 Arabica Gopinandhan et al. (2008)
India 41/34 0.5-13.5 Robusta "

¢ Corresponds to the detection limit of the method.
b Not specified.

associated with production on crops of temperate climates and have
somewhat lower growth and OTA production optima.

In contrast, Aspergillus carbonarius and A. ochraceus are common in
warmer climates. Strains identified as A. ochraceus have been isolated
from coffee samples (Batista et al., 2003; Martins, Martins, & Gimeno,
2003; Suarez-Quiroz et al., 2004; Taniwaki et al., 2003; Urbano,
Taniwaki, Leitdo and Vicentini, 2001) and the species was proposed as
the major cause of OTA in coffee beans (Frank, 1999; Taniwaki et al.,
2003) before Aspergillus westerdijkiae was recognized as a member of
section Circumdati: these closely related species can be misidentified.
For example, 84% of isolates from Brazilian coffee identified as
A. ochraceus were A. westerdijkiae as assessed from sequencing the -
tubulin gene (Morello et al.,, 2007). OTA is also produced by Aspergillus
sulphureus, A. carbonarius, Aspergillus niger and Aspergillus sclerotiorum.
A. carbonarius and A. niger have been isolated from coffee, strains of
which are capable of producing OTA (Joosten et al., 2001; Nakajima
et al., 1997; Pardo, Marin, Ramos, & Sanchis, 2004; Suarez-Quiroz
et al., 2004; Taniwaki et al., 2003; Téren et al., 1997; Urbano, Taniwaki
et al., 2001), indicating that these are also potential sources in coffee.
These findings led to the consensus that: A. ochraceus, A. carbonarius
and A. niger are responsible (Batista et al., 2003; Taniwaki, 2006) and
to these A. westerdijkiae must be added.

OTA-producing fungi require favourable conditions for a period of
time, to grow and produce the toxin. The level of available water and
temperature are the most important factors and some relevant data
are reproduced here of use for understanding and controlling contami-
nation. A. ochraceus optimally (a) grows at 30 °C and (b) produces OTA
at 25-30 °C, which compares to P. verrucosum at (a) 26 °Cand (b) 25 °C
respectively. In addition, A. carbonarius produced OTA at a higher rate at
30 °C than 20 °C and grew optimally at 25-30 °C, with some Greek
strains growing optimally at 35 °C, although optimal OTA production
was 15-20 °C (Paterson & Lima, 2011), and so these strains are unusual.
In general, these data indicate that the Aspergilli will dominate when
they occur on coffee and produce OTA. Furthermore, whereas 12.5%
moisture is considered a maximum water content for coffee to avoid
OTA contamination (CAC, 2009), A. ochraceus, A. flavus and to some
extent Penicillia, can grow at lower moisture on crops such as
sunflower, safflower, peanuts and copra (Paterson & Lima, 2011) and
so great care is required with respect to moisture content (MC) for
coffee. OTA-producing fungi are unlikely to grow at high water activity
(aw > 0.95), as fast-growing hydrophilic fungi and yeasts will outgrow
them. OTA-producing fungi can be present at a,, < 0.80 but not produce
the toxin, and at below 0.78-0.76 they cannot grow. The limiting a,, for
growth of A. ochraceus (A. westerdijkiae) and A. niger is 0.79 and 0.77
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Fig. 2. Diagram to indicate the various stages of processing where contamination by fungi may occur. a. Represents dry processing and b. wet processing.

respectively (FAO/WHO, 2008; Palacios-Cabrera, Taniwaki, Menezes, & growth are between 8 and 12 °C and 24 and 31 °C, respectively, while
lamanaka, 2004). Finally, Silva, Batista, and Schwan (2008) state that for ochratoxin production, the temperature is between 25 and 31 °C.

the minimum a,, to produce ochratoxin is 0.85 (c. 20% humidity) in coffee Coffee production has three main steps (see Fig. 2): 1) pre-harvest;
grains for A. ochraceus, and the minimum and maximum temperatures of 2) post-harvest storage and transportation, and 3) raw coffee

Table 2
Incidence of ochratoxin A in commercial roasted coffee worldwide.
Retail country No. of samples/no. of positives Range of OTA (ug/kg) Reference
Japan 68/5 3.2-17.0 Tsubouchi et al. (1988)
United Kingdom 20/17 0.2-2.1 Patel et al. (1997)
Europe 484/? <0.5-8.2 Van der Stegen et al. (1997)
Denmark 11/11 0.1-3.2 Jergensen (1998)
Spain 29/29 0.22-5.64 Burdaspal and Legarda (1998)
United States 13/9 0.1-1.2 Trucksess et al. (1999)
Brazil 34/23 0.3-6.5 Leoni et al. (2000)
Brazil 47/41 0.99-5.87 Prado et al. (2000)
Germany 67/22 0.3-33 Wolff (2000)
Germany 490/273 0.21-12.1 Otteneder and Majerus (2001)
Canada 71/42 0.1-23 Lombaert et al. (2002)
Hungary 38/22 0.17-13 Fazekas, Tar, and Zomborszky-Kovacs (2002)
India 2/0 <0.1° Gopinandhan, Velmourougane, Panneerselvam, Keshamma,
and Raghuramulu (2007)
Japan 9/3 0.11-0.33 Kumagai et al. (2008)
Japan 49/18 ?-2.75 Aoyama et al. (2010)
France 30/25 <0.025-119 Tozlovanu and Pfohl-Leszkowicz (2010)

?: no available data.
2 Corresponds to the detection limit of the method.
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processing to roasted/ground and soluble coffee, and contamination is
possible throughout as discussed in the following (and see Tables 1-3).

2.1. Pre-harvest coffee

It is likely that OTA-producing fungi can infect coffee fruits remain-
ing on the plant and produce OTA at or before harvest. This may involve
two different contamination routes (a) through the flowers, without
visible sign and/or (b) by coffee berry borers (CBB) (Hypothenemus
hampei), that can take spores to the fruits, and make holes in the
cherries and beans. Coffee fruits detach naturally from the plant, and/
or through agricultural activities which may remain on the ground,
and are more likely to be contaminated with fungi and OTA (FAO/
WHO, 2008). Recommended practices to reduce the development and
spore load from OTA-producing fungi in the plants, and CBB occurrence,
are provided in FAO/WHO (2008).

To understand the inter-relationship between coffee and the con-
taminating fungi, it is mentioned here that Arabica coffee grows at
600-2000 m and an average temperature between 18 and 22.5 °C: Ro-
busta coffee is grown at below 600 m where average temperature is be-
tween 22 and 26 °C, both in the wet tropics. As A. ochraceus optimally
(a) grows at 30 °C and (b) produces OTA at 25-30 °C, whereas
P. verrucosum optima are (a) 26 °C and (b) 25 °C respectively, there
would be no reason to assume that only the Aspergilli were responsible
for OTA in coffee. However, the coffee growth temperatures are aver-
ages and it is likely that much higher temperatures would occur
which may inhibit or damage the Penicillium species, whereas the As-
pergilli may grow well. In addition, A. carbonarius produced OTA at a
higher rate at 30 °C than 20 °C and grew optimal at 25-30 °C, with
some Greek strains growing optimally at 35 °C, although optimal OTA
production was 15-20 °C (Paterson & Lima, 2011). In general, these
data indicate that the Aspergilli will dominate when they occur on cof-
fee plants and produce OTA. Furthermore, whereas 12.5% moisture is
considered the maximum for coffee to avoid OTA (CAC, 2009) the
fungi can grow at that level, and so great care is required with respect
to MC for coffee.

The invasion of coffee by ochratoxigenic fungi is crucial to under-
standing OTA contamination and developing control strategies. Control-
ling these fungi preharvest is more difficult because the coffee is less
containable in the field than in storage containers for example. The
major risk factors and processing steps that can lead to contamination
of raw coffee with OTA have been revised (Bucheli & Taniwaki, 2002).
Taniwaki et al. (2003) found an average A. ochraceus infection of
<0.6% to 4% on fruit on the plant. Sixteen and 35% were present in
fruit (a) from the ground and (b) during drying and storage respective-
ly. Furthermore, the discovery of endophytic fungi, including OTA-
producing Penicillia, from coffee (Vega, Peterson, & Chaves, 2006,
Vega et al., 2010) raises the possibility that apparently healthy coffee
may contain OTA and that fungal growth could arise internally: OTA

Table 3
Incidence of ochratoxin A in commercial soluble coffee worldwide.

was produced by one endophytic isolate each of Penicillium
brevicompactum, Penicillium crustosum, Penicillium olsonii and Penicilli-
um oxalicum, although these species are not normally associated with
OTA production. Finally, OTA being translocated from the soil into
berries (Mantle, 2000) requires confirmation.

2.2. Post-harvested coffee

The opportunities for OTA accumulation can increase postharvest if
poor procedures are employed such as slow drying. Equally, OTA will in-
crease if inadequate storage conditions are employed, although will
tend to be reduce during processing from (a) sorting, (b) analysis for
OTA and segregation, and (c) roasting (Pitt, Taniwaki, & Cole, 2013)
(see Fig. 2). As mentioned in the Ochratoxin A producing fungi in
coffee section, OTA-producing fungi require favourable conditions
for a period of time to grow and produce the toxin and this section
should be consulted for details. Fungal sources of contamination are
soil, equipment and drying-yard surfaces at the postharvest stage.
There are various (a) ecological parameters involved in OTA biosynthe-
sis and (b) types of coffee produced by different processing methods
(Fig. 2) and localities (Fig. 1). Hence, it is important to evaluate the inci-
dence of ochratoxigenic fungi and correlate this with OTA in beans at
different stages of maturation and processing (Batista et al., 2009), al-
though such correlations are seldom carried out and even fewer employ
statistical methods. In addition, the interrelationship between other
fungi and microorganisms is important in terms of which fungi will
dominate and influence each other (Paterson & Lima, 2010a, 2011)
and ideally the complete mycological spectrum on coffee requires
consideration.

Post-harvest problems relate to unfavourable (a) climates for drying,
(b) drying practice, (c) quality control and/or (d) storage conditions.
Cherries contain sufficient water to support mould growth and OTA for-
mation on the exterior during the initial 3-5 days of drying. Sun-drying
of cherries can lead to OTA contamination if performed incorrectly and
drying of fruits appears to carry a particular risk for the occurrence of
black Aspergilli, perhaps linked to the resistance of the melanin (the
black fungal pigment) to UV light. Drying is crucial to the development
of A. ochraceus (cf. A. westerdijkiae) with the main factor being the time
taken beyond a critical water activity (a,) of c. 0.80. Berries should
spend less than 4 days at a,, 0.97 to 0.80 and Palacios-Cabrera et al.
(2004) showed that A. ochraceus produced 0.15 pg kg~ ! in coffee
beans at 0.80 a,, but 2500 and >7000 pg kg~ ' at 0.86 and 0.90, respec-
tively. Again, these data are relevant to storage of beans, i.e. maintaining
an a,y, of 0.80 is crucial.

Bucheli and Taniwaki (2002) provided indirect evidence that the
depulping process reduced OTA contamination. Suarez-Quiroz et al.
(2004) evaluated OTA producing fungi during wet, mechanical and
dry processing from harvest to storage (see Fig. 2). They concluded
that there was little difference between the processes regarding the

Retail country No. of samples/no. of positives

Range of OTA (ng/kg) Reference

Australia 22/7
United States 6/3
Germany 9/5
United Kingdom 80/64
Europe 149/?
Spain 9/9
Brazil 10/8
Brazil 16/16
Germany 41/12
Canada 30/20
Brazil 82/81
India 17/13
Japan 66/63

0.2-4.0 Pittet et al. (1996)

1.5-2.1 "

03-22 "

0.1-8.0 Patel et al. (1997)

<0.5%-27.2 Van der Stegen et al. (1997)

0.19-1.08 Burdaspal and Legarda (1998)
031-1.78 Prado et al. (2000)

0.5-5.1 Leoni et al. (2000)
0.28-4.8 Otteneder and Majerus (2001)

0.1-3.1 Lombaert et al. (2002)
0.17-6.29 Almeida et al. (2007)

0.1-3.0 Gopinandhan et al. (2007)

?7-4.23 Aoyama et al. (2010)

2 Corresponds to the detection limit of the method.
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isolation of A. ochraceus, although the dry method promoted the pres-
ence of A. niger which may relate to the high melanin content of the fun-
gus (Pitt & Hocking, 2009). However, the presence of ochratoxigenic
fungi does not imply that OTA will be present for which biochemical
analysis must be performed.

0f 269 isolates from post-harvest coffee, 75% at least were capable of
OTA production, a higher percentage than was reported previously
(Taniwaki et al., 2003), although this is dependent upon the detection
system used for OTA. A. carbonarius was isolated much less frequently,
but strains did produce OTA. Few cherries on the plant were contami-
nated with OTA species, indicating that infection was post-harvest pre-
dominantly, and the fungal sources were soil, equipment and drying
yard surfaces. Variability in contamination rates was reflected in a
wide range of OTA levels in samples from the drying yard and storage.
A. niger was more common than A. ochraceus or A. carbonarius, but
only 3% of isolates were capable of producing detectable OTA in vitro
(Taniwaki et al., 2003). The situation in vivo requires determination.

More filamentous fungi were isolated from coffee (a) which had
remained in the ground for long periods and (b) obtained by the floating
technique (Batista et al., 2009): most of these were isolates of Aspergillus
section Nigri from which OTA was not detected using the basic TLC
method employed. However, OTA was detected from A. ochraceus,
A. sulphureus and A. sclerotiorum which were isolated from other frac-
tions. The interpretation that coffee from the ground and floated coffee
may contain more OTA does not entirely follow from these observa-
tions. More work is required in obtaining correlations between the iso-
lation of fungi and the determination of mycotoxins in the same
samples of coffee (cf. enumeration of A. flavus and detection of AF in
the same samples of chilies in Paterson (2007 ), where there was no cor-
relation). Unsurprisingly, coffee beans obtained from being left on the
ground are low quality and display more defects due to higher fungal
proliferation, and associated OTA risk (Taniwaki et al., 2014). Beans
from the “floated in water” coffee had higher fungal contamination,
since they originated from malformed and damaged fruit: they had
been exposed to climatic extremes in the plantation and to fungal con-
tamination throughout the coffee production and preprocessing stages
(Batista et al., 2009).

Furthermore, fungi (184 isolates) were obtained from coffee (Batista
et al., 2003) and 155 isolates of Aspergillus and its teleomorphs,
were distributed over 20 species, with five species (A. ochraceus,
A. sulphureus, Aspergillus tamarii, A. niger and A. flavus) comprising 71%
of the total. A large number of Aspergilli that produced OTA were de-
tected, although more may have been detected if a more sensitive
OTA analytic procedure had been employed. Low levels of OTA were de-
tected in some of the processed beans, and there were limited attempts
to correlate this with levels of ochratoxigenic fungi. Finally, the 25 Pen-
icillium isolates comprised eight species and some species may have
produced patulin (Penicillium expansum) and citrinin (P. expansum
and/or Penicillium citrinum).

Species of Aspergillus sections Circumdati and Nigri were found in
samples of coffee fruits and beans at all harvest and processing stages
(Batista et al., 2009). Aspergillus section Circumdati representatives
were detected in 80 and 41% of the fruits and beans respectively, al-
though a significant reduction in this population was observed when
processing began. OTA was detected from 85% of the 178 strains of
Aspergillus section Circumdati (represented by 165 A. ochraceus, 3
Aspergillus melleus, 4 A. sulphureus, 2 Aspergillus dimorphicus and
A. sclerotiorum, and 1 Aspergillus auricomus) by the basic TLC method.
Ninety five, 25 and 66% of A. ochraceus, A. sulphureus and
A. sclerotiorum strains were positive for OTA respectively. A. ochraceus
was the most common in the case of section Circumdati species, ac-
counting for c. 93% of the total; however, at least some of these may
have been A. westerdijkiae as mentioned previously. OTA was not de-
tected from A. niger (58) and A. foetidus (25) of Aspergillus section
Nigri although these could be producers in vivo and OTA may have
been detected using a more sophisticated analytical method.

Batista et al. (2009) state that fruit quality, climate during drying,
drying procedure, presence of OTA-producing fungi, and farm condi-
tions are more important than type of fermentation and drying
platforms, with the conclusion that: (1) the bdia and varri¢do (which
the current authors take to mean “floated” and “swept from the
earth” respectively) presented the highest risk of contamination by
ochratoxigenic fungi and OTA; (2) the fractions béia and the mixtures
of different coffees presented higher levels of contamination with OTA
when dried in patios with earth, rather than with asphalt floors; and
(3) the type of floor of the yard (i.e. asphalt, soil or cement) was irrele-
vant to contamination by OTA for coffee swept from the ground. The use
of patios with earth floors should be avoided to produce the highest
quality coffee.

Aspergilli and Penicillia were isolated from 11 samples of C. arabica
and 1 sample of C. canephora coffee beans and OTA was detected from,
particularly A. ochraceus and Aspergillus ostianus (Rezende, Couto,
Borges, da Silva, & Batista, 2013). Black Aspergilli were predominant
in green and dried coffee cherries from Thailand and the frequency
was much higher than in beans from Vietnam or Brazil (Noonim,
Mahakarnchanakul, Nielsen, Frisvad, & Samson, 2008; Taniwaki et al.,
2003): A. carbonarius and A. niger were predominant in both types of
beans. Similarly, Joosten et al. (2001) found that most green coffee sam-
ples from Southern Thailand were contaminated by black Aspergilli, of
which 50% were A. carbonarius. Finally, Aspergillus aculeatinus and
Aspergillus sclerotiicarbonarius (Noonim, Mahakarnchanakul, Varga,
Frisvad, & Samson, 2008) were observed from Thai beans, which were
previously undescribed black species.

Wet processing (Fig. 2) is applied to Arabica coffee beans and the
mycobiota was highly influenced by (a) fermentation (water quality
and equipment used) and (b) drying (time period, cleanliness of equip-
ment and environment). Noonim, Mahakarnchanakul, Nielsen et al.
(2008) observed a random distribution of filamentous fungi in Thai cof-
fee bean samples from different growing sites in the same province
(Chiang Mai). The year of harvest played a role in the mycobiota, with
2006 having a higher incidence of Aspergillus section Circumdati strains
than 2007 and there were differences in ambient conditions from year
to year.

2.2.1. Drying

Coffee yards with an asphalt floor for drying floated coffee presented
lower risk than soil floors (Batista et al., 2009). Unsurprisingly, this was
due to the moist samples being in contact with soil, favouring fungal in-
fection of the coffee. However, high to moderate levels of OTA contam-
ination were independent of the yard employed which apparently
contradicts Good Agricultural Practices recommending cement-floors.
For example, coffee cherries after harvest are dried directly, or after
water sorting, in Thailand. Drying on a cement floor is done predomi-
nantly in this country, resulting in surface contact with soil and an in-
creased chance of fungal contamination of damaged pulp. Re-wetting
from rain is another important factor leading to more fungal infection
in the North of Thailand than in the South, where the harvest is in the
rainy season. The coffee beans have a thick pulp and if the drying pro-
cess could be faster and more effective then fungal invasion would be
prevented, resulting in less OTA contamination (Noonim,
Mahakarnchanakul, Nielsen et al., 2008).

Thirty two dried coffee beans of (a) C. arabica and (b) C. canephora
var. robusta from two different Thai plantations, were assessed for
OTA producing fungi. Ninety eight percent of the coffee had fungal con-
tamination which was reduced to 60% after surface disinfection
(Noonim, Mahakarnchanakul, Nielsen et al., 2008). The Arabica beans
had an average of 78% Aspergillus section Circumdati strains with
A. westerdijkiae and A. melleus predominant; Aspergillus section Nigri
species were found in 75% of the samples, whereas A. ochraceus was un-
detected. The identification of A. westerdijkiae is interesting as most
other reports found the similar species, A. ochraceus (cf. Batista et al.,
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2009; Taniwaki et al., 2003) and relates to the fact that the authors were
aware of the current taxonomic revision.

Robusta coffee beans were 98-100% contaminated with predomi-
nantly A. carbonarius and A. niger: A. westerdijkiae was from only one
sample. The diversity of the fungal population probably correlated
with the geographical origin of the coffee, coffee cultivar, and processing
methods. The lack of melanin in the Circumdati strain may have been a
factor in reduced numbers from the Arabica coffee obtained from the
North of the country, rather than the South, from where the Robusta
was obtained. Representative isolates of section Circumdati (52) and
Nigri (82) were analysed for OTA production using HPLC, which is a
more sophisticated method than the TLC discussed elsewhere, and pre-
sumably more sensitive. Nevertheless, it has detection limits and may
not have detected OTA production by some stains: A. westerdijkiae (42/
42), Aspergillus steynii (13/13), and A. carbonarius (35/35) produced
large amounts of OTA, while one isolate of A. sclerotiorum and 13% of
A. niger produced intermediate quantities (Noonim, Mahakarnchanakul,
Nielsen et al., 2008).

Noonim, Mahakarnchanakul, Nielsen et al. (2008) state that only
A. carbonarius and A. niger produced OTA which appears to contradict
their results as, for example, A. westerdijkiae was listed as a producer.
All A. carbonarius strains produced high amounts of OTA with less och-
ratoxin B (ochratoxin B had not previously been analysed and is a less
important mycotoxin). Other reports indicate that A. carbonarius from
coffee is an efficient OTA producer (Joosten et al., 2001; Pardo et al.,
2004). Taniwaki et al. (2003) observed that only 77% of the
A. carbonarius isolates from Brazilian coffee beans produced OTA but
this level may not be significantly different to the other reports, espe-
cially when it is unknown if nonproducers were present rather than
strains from which the OTA was simply not detected (see Paterson,
Venancio, and Lima (2004) for a discussion on detection of mycotoxins).
Thirteen percent of the A. niger strains from Thai coffee could produce
OTA and OTB but in small amounts compared to A. carbonarius, in con-
trast to other studies where 2-3% of A. niger isolates could produce OTA
(Noonim, Mahakarnchanakul, Nielsen et al., 2008; Taniwaki et al.,
2003). Noonim, Mahakarnchanakul, Nielsen et al. (2008) suggested
that the fungi with the greatest potential to produce OTA in Thai coffee
beans were A. westerdijkiae and A. carbonarius in Northern Arabica and
Southern Robusta coffee respectively. Also, these two species were pre-
dominant on each type of bean and all isolates produced detectable
OTA. A. niger was also common in both types of coffee, although the au-
thors consider it unlikely as an important source of OTA contamination
because only 13% of the A. niger isolates could produce (detectable) OTA.
Silva et al. (2008) found that species of OTA-producing fungi become
prevalent in the final parts of the 22 day fermentation and drying in-
volved in the ‘dry’ processing of coffee beans.

However, data were unavailable previously concerning the
mycobiota in defective coffee beans, which could be a serious source
of mycotoxins, until Taniwaki et al. (2014) investigated these types of
samples. All the beans were dried and samples included green (imma-
ture), black, black green, sour and normal, which were investigated for
(i) fungi and their capacity to produce OTA as detected by the agar
plug method and (ii) OTA in the beans. The coffee came from two
Brazilian coffee producing regions: a) Cerrado Mineiro, in the Western
part of Minas Gerais State (average of 19.1 °C and 14.8 mm/month
rainfall at altitude 1100 m), and produced good quality coffee, and
b) Sorocabana in South Western Sdo Paulo State (average of 17.7 °C
and 64.9 mm/month rainfall at 800 m), and generally produced a low
quality beverage.

The fungi detected were (a) A. carbonarius, (b) other members of As-
pergillus section Nigri, (c) A. westerdijkiae and (d) other members of sec-
tion Circumdati. A. carbonarius was found in low numbers and only in
the Cerrado — MG region, although all isolates produced OTA. This
species is common in Robusta coffee, in, for example, Thailand but is un-
common in Brazil. A. westerdijkiae and isolates from section Circumdati,
were found at higher numbers in both regions and these may be the

main source of OTA in defective beans, since most of the section Nigri
strains were negative for OTA: as mentioned, this might relate to the
method employed (Taniwaki et al,, 2014).

The green (immature) bean was the most common defective sample
at 38%, found from Cerrado — MG and Sorocabana — SP. However, the
presence of ochratoxigenic fungi and OTA was low. The black green
beans were also low in OTA from both regions. The black beans from
the Cerrado — MG region had the highest OTA (11.3 pg/kg) and the rea-
son may be due to these being (a) overripe cherries which were left on
the tree, and/or (b) beans fallen on the ground: The fungi then had the
opportunity to grow and produce the toxin in the coffee. The sour beans
from the Sorocabana — SP region had the highest OTA concentration,
due to deterioration from excessive fermentation causing the sour
taste in the beverage. Overall, the reduction of defective beans in coffee,
lowers ochratoxigenic fungi, reduces OTA and improves considerably
beverage quality (Taniwaki et al., 2014).

Finally, it is important to appreciate that all steps from pre/harvest
are inter-connected and that if drying is not performed properly, then
this is more likely to lead to contamination during storage. Conversely,
if the coffee is dried efficiently, then further contamination during stor-
age can be minimized if effective storage conditions are maintained.

2.2.2. Storage

The conditions for storage to maintain low OTA levels in the tropics
relate especially to water activity and temperature as discussed above in
the Ochratoxin A producing fungi in coffee section, and these should be
referred to for more information. Green coffee can be stored for c.
3 years under optimal conditions, although colour and flavour change
even under the best conditions (Bucheli, Meyer, Vuataz, & Viani,
1998): Storage should be at 10-12% MC and good-quality green coffee
requires to be used. Deterioration is minimized when the temperature
is maintained below 26 °C and the relative humidity (RH) of the storage
atmosphere ranges between 50 and 70%. Green Robusta coffee storage
conditions are particularly variable under the conditions in southeast
Asia (Bucheli et al., 1998). The MC of stored monsooned coffee is re-
quired to be 14.5% to prevent fungal growth, although this is higher
than 10-12% recommended above; 14% MC and 75% RH were the limits
for fungal spoilage of green coffee. Finally, A. ochraceus and Penicillium
spp. were found to affect bean colour and beverage quality in stored
coffee.

Silva et al. (2008) discovered that the number of isolated fungi in
coffee grains increased during storage, and A. niger and A. flavus domi-
nated. The number of species isolated from jute sacks was higher than
from polystyrene bags which are less permeable and re-absorption of
water occurs to a lesser extent that in the jute sacks: humidity and tem-
perature were not favourable for the growth of toxigenic species. Fur-
thermore, cold storage chambers at 3 °C are at a much lower
temperature than the temperature cited for growth and toxin produc-
tion and should be safe. Although several species of toxigenic fungi
were found in the study by Silva et al. (2008) during coffee processing,
neither OTA nor AF were detected in any sample. The use of good hy-
giene practices and management during processing minimize the pro-
duction of mycotoxins in coffee (Silva et al., 2008).

The growth of fungi and OTA formation in stored Robusta raw coffee
were investigated (Bucheli et al., 1998) and at 30 °C/60% RH, using aer-
ated and non-aerated silos, neither the growth of ochratoxigenic fungi
nor OTA production was observed. This study demonstrated that safe
storage of coffee under humid tropical conditions can be achieved,
even in the rainy season, if the initial a,, of beans stored in bags was
0.72 and never exceeded 0.75.

2.3. Methods for isolating fungi
The conditions employed for isolating and identifying fungi from

coffee varied considerably in the above studies which may have affected
which were isolated as, for example, taxa that produce few conidia will
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be isolated less than those that produce many. OTA-producing endo-
phytes in coffee (Vega et al., 2006) would not generally be isolated by
the conventional methods. Furthermore, Paterson and Lima (2013)
discussed how the presence of mutagens in the isolation media could
mutate wild type fungi: Some fungal secondary metabolites are muta-
genic and are produced in growth media (i.e. “self” produced mutagenic
secondary metabolites). The range of mutagenic compounds from fungi
is presented in Paterson and Lima (2013, 2014) and they include OTA
and AF. Often dissimilar methods are employed for isolating fungi
from food as discussed in Paterson and Lima (2014). Each growth con-
dition will lead to quantitative and qualitative differences of the muta-
genic secondary metabolites produced by fungi and these may
interact with the fungi. Novel taxa from coffee could be artefacts be-
cause of mutagens and hence great care is required when describing
new species. The current authors recommend that work is undertaken
to limit contact between secondary metabolites in growth media and
fungal isolates from coffee with the objective of ensuring wild type
strains are obtained, as discussed in Paterson and Lima (2013, 2014).

For example, the time of growth requires minimizing when isolating
from mixed samples on antibiotic-containing media, because the antibi-
otics used to control contaminants are often mutagenic. Similarly, the
time on media used to identify the fungi and undertake PCR needs
reduction (e.g. halved) as the fungi may produce self mutagenic
compounds (e.g. ochratoxin A, AF). This could be problematic in some
cases as some identification methods stipulate that fungi are grown
for specific periods (e.g. 7 days). Media require analyses (usually by
chromatography) to determine if mutagenic compounds were pro-
duced. Furthermore, the DNA of individual fungi should be analysed
on different media and for various time periods to determine if muta-
tion occurs. The physiology of secondary metabolite production could
be determined so that fungi can be harvested for DNA analyses during
trophophase (growth phase) rather than idiophase (metabolite produc-
tion phase) to avoid contact with mutagens. Also, standard isolation
methods are necessary to enable more accurate comparisons between
studies. Paterson and Lima (2013, 2014) can be consulted for more in-
formation. Finally, solutions to these problems of experimental design
and interpretations of results are not straight forward and will involve
a considerable amount of research.

3. Ochratoxin A in coffee

OTA is the mycotoxin of most concern that is detected currently in
coffee (Taniwaki, 2006). If levels of OTA are above, for example, the
EU limits set for coffee, the commodity is liable to be rejected causing
economic loss. Surveys on the presence of OTA in coffee have been un-
dertaken in European countries on imported raw, roasted and soluble
coffee produced and sold in Europe (Taniwaki, 2006); coffee production
is governed increasingly by EU legislation. The EU limits published in
2006 (No. 1881/2006) are (a) 5 ug OTA kg~ ! for roasted coffee beans
and ground roasted coffee and (b) 10 ug kg~ ! for soluble coffee (instant
coffee) and it is interesting that some samples in surveys (Tables 2, 3)
had higher levels. The European Coffee Federation (http://www.ecf-
coffee.org/) (a) follows legislation, (b) defines the position of the coffee
sector and (c) maintains contacts with the EU institutions. In addition,
countries such as Brazil, Cuba, Indonesia, Islamic Republic of Iran, and
Singapore have national regulations for the marketing of coffee
(ANVISA, 2011; Vanesa & Pacin, 2013).

Biochemical analysis is undertaken to determine if OTA is present in
coffee, frequently involving chromatography. The fate of OTA during
processing of coffee beans is not fully understood, but the results of sur-
veys for OTA in retail roasted, and soluble coffees (Tables 2, 3) indicate
that it is not a major source of OTA in the diet, with estimated intakes
being well within safety limits (Taniwaki, 2006). Nevertheless, limits
are placed on coffee which require adherence, otherwise rejection of
the commodity can result from importing countries. It is apparent that
high levels in coffee were reported originally in some cases (Batista

et al., 2003; Micco et al., 1989; Nakajima et al., 1997; Romani,
Sacchetti, Chaves Lopez, Pinnavaia, & Dalla Rosa, 2000; Trucksess,
Giler, Young, White, & Page, 1999) and that vigilance is required. Exten-
sive sampling of raw Arabica and Robusta coffee from all origins has
shown that OTA contamination may be more frequent in some areas,
but that no producing country is entirely free from contamination
(Table 1).

Only some fractions of coffee contain the mycotoxin and levels were
from 0.5 to 23.0; 9.9 to 46; 0.2 to 5.5; 0.1 to 17.4; 0.1 to 4.6 and O to
48 ug kg~ ! (Batista et al., 2003; Micco et al., 1989; Nakajima et al.,
1997; Romani et al., 2000; Trucksess et al., 1999) which are high in
some cases and beyond EU limits. Green and roasted coffee beans
have been analysed (Batista et al., 2009; Lombaert et al., 2002; Patel,
Hazel, Winterton, & Gleadle, 1997; Studer-Rohr, Dietrich, Schlatter, &
Schlatter, 1995; Urbano, Taniwaki et al., 2001; Van der Stegen et al.,
1997; Vecchio, Mineo, & Planeta, 2012) and 18% of green coffee beans
had between 9.9 and 46 ug kg~ ! (Nakajima et al., 1997). OTA was de-
tected at low levels in 2 of 7 samples in a paper dedicated to assessing
the Matrix Solid Phase Dispersion method (Rubert, Soler, & Mafies,
2010). Correlation studies on the OTA content of coffee and the presence
of ochratoxigenic fungi from the same coffee sample are rare (although
see Urbano, Freitas Leitdo, Vicentini and Taniwaki, 2001; Urbano,
Taniwaki et al., 2001), but essential, for a full understanding of which
fungi produce the mycotoxin in coffee (Batista et al., 2003).

The presence of OTA in Brazilian coffee beans has been evaluated ex-
tensively with contamination levels varying significantly (Batista et al.,
2009). Only low levels of contamination were found and only in a few
samples, for example, an average of 2.4 ug kg™ ' was found in 50 coffee
bean samples (Leoni, Valente Soares, & Oliveira, 2000). However, a high
incidence of OTA contamination was observed in Thai coffee beans but
the amounts were low. No significant differences in OTA were observed
between parchment and green coffee beans for Arabica coffee and the
average OTA concentration in dried coffee cherries was higher than
that found in green coffee beans. In contrast, OTA in dried coffee
cherries was lower than in green coffee beans in the case of Robusta
coffee samples. High contamination of A. carbonarius in Robusta
dried cherries was probably the source of OTA contamination
(Noonim, Mahakarnchanakul, Nielsen et al., 2008). A study carried
out in Brazil demonstrated that “sour” and “black” defective beans
had the highest contamination by ochratoxigenic fungi and OTA con-
centrations compared to other defective beans (Taniwaki et al.,
2014). The levels of OTA were 11.3 pug/kg and 25.7 pg/kg for sour
and black beans, respectively.

Wet processing (Fig. 2) gave the lowest level of OTA, although, per-
haps surprisingly, the presence of Aspergillus section Circumdati strains
was high, from which OTA was detected in vitro (Batista et al., 2009).
Dry processing yielded higher levels of OTA in some cases. However,
the number of samples analysed was often considerably higher than
the case for wet processing which may have biased results. Highest
OTA concentrations were detected in the coffee which had been lying
on the ground for long periods and in “floated” coffee to a lesser extent:
Mixed samples were also high in OTA. Interestingly, only Aspergillus
Section Nigri strains were isolated at high levels from the dry-
processed coffee, but none was positive for OTA (this may have reflected
the detection limits of the methods employed ). Wet processing appears
more effective at producing low OTA levels, however, the presence of
the fungi from which OTA was detected is a concern and presumably
the conditions were not conducive to high OTA levels in vivo (Batista
et al., 2009).

OTA in coffee beans was analysed using ELISA kits (and confirmed by
LC-MS/MS in some cases): Ninety eight percent of 64 coffee bean sam-
ples were contaminated with OTA from 0.6 to 5.5 ug kg~ ' (Arabica) and
1-27 pg kg~ ! (Robusta) (Noonim, Mahakarnchanakul, Nielsen et al.,
2008), making the Robusta concentrations notably higher. Furthermore,
58% of 40 bean samples were infected with potentially ochratoxigenic
fungi, but only 22% of these beans were contaminated with OTA with
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levels from 0.47 to 4.82 ng g~ !, and an average level of 2.45 ng g~ !

(Batista et al., 2003), hence there was no correlation between the two
factors.

The mean levels of OTA in Colombian coffee were 10 and 6.8 ug kg ™!
for green and soluble coffee respectively (Vanesa & Pacin, 2013). Also,
these authors determined the occurrence of OTA in coffee beans,
ground/roasted coffee and soluble coffee, which were manufactured in
Argentina. Fifty one samples were analysed by HPLC and a high percent-
age (69%) of the coffee was contaminated, although the medians obtain-
ed were 2.7, 0.24 and 0.43 pg kg~ ! respectively, which are low values.
OTA has been detected in coffee from many other countries (Vanesa &
Pacin, 2013) (Tables 1-3).

3.1. De-husking and drying

Effective control measures require steps for contamination avoidance
which includes using good quality coffee and processing conditions: The
husks of coffee beans are a significant source of OTA, thus their removal is
effective in reducing OTA. (It may be worth mentioning that technologies
involved in utilizing husks as a byproduct (e.g. Mussatto, Machado,
Martins, & Teixeira, 2011) need to consider that they may be high in
OTA.) A 90% reduction of OTA can occur during the processing of beans
to roasted and soluble coffee (Table 4) (Batista et al., 2009). The optimal
conditions of water activity and temperature to control growth and OTA
production by fungi are discussed in the Ochratoxin A producing fungi in
coffee section and should be referred to.

The toxin is produced during the sun drying of coffee, and overripe
cherries appear more susceptible than green ones, as demonstrated in
coffee produced in Thailand over three seasons (Bucheli, Kanchanomal,
Meyer, & Pittet, 2000). OTA was formed in the coffee cherry pericarp
(i.e. the pulp and parchment) which is the part of the cherry removed
as husk in the dehulling process (Fig. 2). This often produces dust con-
taining OTA which may be transferred to the raw coffee and requires
to be avoided (e.g. by workers). Furthermore, coffee beans had only
1% of the level of OTA found in husks. More than 90% of OTA contamina-
tion was concentrated in the husks and so cleaning, grading and

Table 4
Effect of roasting on ochratoxin A reduction.
Toxin origin Roasting condition % OTA References
reduction
Inoculation® 200 °C/10-20 min 0-12 Tsubouchi et al. (1988)
Natural® 5-6 min/dark roasting ~ 90-100 Micco et al. (1989)
Natural® 252 °C/100-190 s. 14-62 Studer-Rohr et al. (1995)
Inoculation® 252 °C/100-190 s. 2-28 "
Natural® 223 °C/14 min 84 Blanc et al. (1998)
Inoculation® 200 °C/10 min 22.5 Urbano, Freitas Leitdo et al.
(medium) (2001)
200 °C/15 min 48.1 "
(medium)
210 °C/10 min (medium 39.2
dark)
" 210 °C/15 min (medium 65.6 "
dark)

220 °C/10 min (dark) 884
" 220 °C/15 min (dark) 93.9
Inoculation® 180 °C/5 min (light) 8

Ferraz et al. (2010)
180 °C/8 min (light) 42 "

180°/12 min (light) 54
" 200°/5 min (light) 30 "
" 200°/8 min (light) 56 "
" 200°/12 min (light) 67 "
" 220°/5 min (light) 47 "
" 220°/8 min (light) 76 "
" 220°/12 min (medium) 87 "
240°/5 min (light) 77
" 240°/8 min (dark) 94 "
" 240°/12 min (dark) 99 "

Coffee beans inoculated with toxigenic spores of Aspergillus ochraceus.
Naturally contaminated beans.

hygienic storing of raw coffee are paramount. Apparently, fraudulent
addition of husks to bulk out coffee is undertaken and which may lead
to high levels of OTA contamination (Pittet, Tornare, Huggett, & Viani,
1996) and this needs to be discouraged. Suarez-Quiroz et al. (2004) re-
ported that OTA was not eliminated after dehulling coffee and the con-
centrations in the coffee beans, parchment and husk were similar,
although this appears atypical: the contamination was from between
trace to 0.3 pg kg~ '. However, too few samples were analysed to
make general conclusions.

OTA contamination of raw coffee depended on cherry maturation,
with overripe cherries being the most contaminated, in which case
cherries with defects and husk inclusion were the most important
sources of contamination (Taniwaki et al., 2003). The main producer
of OTA was A. carbonarius in this study. In general, results demonstrated
that (a) raw material quality, (b) weather conditions during drying,
(¢) drying management, (d) presence of OTA producing fungi, and
(e) local farm conditions, played a more important role in OTA contam-
ination in raw coffee than the drying methodology (e.g. bamboo tables,
bare ground or concrete) if it was performed efficiently. OTA will not be
produced if drying is effective (Taniwaki et al., 2003).

3.2. Storage

Storage is a very important stage at which OTA contamination can
occur. If ochratoxigenic fungi are present on coffee or are introduced
through poor storage conditions then they will grow and could produce
OTA. In general, the data provided above in the Ochratoxin A producing
fungi in coffee section and Storage section are relevant and can be
consulted to determine the temperatures and water activities suitable
for growth and OTA production by fungi. The conditions for coffee that
are required to avoid contamination are also listed. In addition, OTA for-
mation during storage of Robusta raw coffee was investigated (Bucheli
et al.,, 1998) and at 30 °C/60% relative humidity, using aerated and
non-aerated silos, OTA production was unobserved, demonstrating
that safe storage of coffee under humid tropical conditions can be
achieved, even in the rainy season, if the initial a,, of beans stored in
bags is ¢. 0.72 and never exceeds 0.75.

3.3. Transportation

Condensation can occur during raw coffee transportation to the con-
suming countries and lead to mould growth ( the Ochratoxin A produc-
ing fungi in coffee section of this paper should be consulted for relevant
information on water activity and temperatures that affect fungal
growth and see the Storage section). Blanc, Vuataz, and Hilckmann
(2001) reported the transport of raw coffee in bulk or bags in containers
where condensation was recorded at the top of the container, for exam-
ple in a European harbour in winter. The appearance of areas with high
moisture favours mould growth and OTA formation as discussed above.
Storage and transportation trials have shown that condensation and
wetting of coffee occur mainly during transport overland to the harbour
for shipping and/or upon arrival at the destination.

Furthermore, Palacios-Cabrera et al. (2007) investigated OTA
production during transportation and verified that the temperature
inside coffee containers changed drastically during the voyage from
a coffee exporting country such as Brazil (in summer) to an importing
country such as Italy (in winter). This induced condensation at the
top of the containers, causing an increase in MC from 12.26 to 14.13%
(dry weight) and led to OTA formation from <0.1 to 7.91 ug kg~ ! in
the coffee beans at the top of the container located on deck at the end
of the voyage.

3.4. Roasting and decaffeination

Roasting involves subjecting raw coffee to 180-250 °C for 5 to
15 min under which conditions chemical changes occur that (a) affect
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aromas and colour and (b) cause water and carbon dioxide loss (Clarke,
1987). The process generates volatile compounds (aromas and acids)
and non-volatiles (melanoidins and their acid precursors) formed by
the Maillard reaction and caramelization (Bonnlander, Eggers,
Engelhardt, & Maier, 2005). Initial data suggested that almost complete
destruction of OTA would result from the roasting process (Micco et al.,
1989). However, occurrences in market samples of roasted coffee bev-
erages were reported after an improved detection method was intro-
duced (Studer-Rohr et al., 1995) and the European Commission
Scientific Committee for Food (SCF) (1995) considered that OTA in cof-
fee was a contaminant. OTA levels were determined to decrease during
the roasting process (Castellanos-Onorio et al., 2011; La Pera et al.,
2008), but OTA in green coffee beans was not completely degraded by
roasting procedures, and most of the mycotoxin was transmitted into
the beverage (Tsubouchi, Terada, Yamamoto, Hisada, & Sakabe, 1988).
In addition, OTA was present in commercial roasted coffee beans in
five out of 68 samples at 3.2-17.0 pg kg~ ! (Tsubouchi et al., 1988),
which were similar to levels found in green coffee beans (Nakajima
et al., 1997).

Conflicting data are found on the influence of roasting: Blanc, Pittet,
Mufioz-Box, and Viani (1998) investigated the behaviour of OTA and
the production of soluble coffee, where the most significant reduction
occurred during the roasting process (Table 4); final coffee contained
only 16% of the original OTA. Leoni et al. (2000) studied 34, 14 and 2
samples of ground roasted, instant and decaffeinated coffee respectively
and found between 0.3 and 6.5 ug kg™ ' of OTA in 23 of the ground
roasted samples, and an average of 2.2 ug kg~ ! in the instant coffee. Cof-
fee beverage was prepared from the roasted samples and OTA was
found in 74 to 86%. Urbano, Freitas Leitdo et al. (2001) tested 18 samples
of coffee inoculated with A. ochraceus which produced OTA. The samples
were submitted to 200 °C, 210 °Cand 220 °C for 10 to 15 min (Table 4)
and the destruction varied from 22 to 94% depending on the time/
temperature. However, 220 °C for 10 to 15 min may produce an unac-
ceptable beverage as it damages the coffee. The scientific literature pro-
vides evidence that the roasting process is efficient in reducing OTA
(Golliicke, Tavares, & Taniwaki, 2004 ), but there is a lack of more con-
clusive research on the effects of the stages of roasting, grinding and
beverage preparation on the stability of the toxin.

Ferraz et al. (2010) studied the kinetics of OTA destruction during
coffee roasting using a vertical spouted bed roaster (SBR) at 180, 200,
220 and 240 °C for 5, 8 and 12 min and reductions from 8% to 98%
OTA were observed. SBR was very efficient for OTA reduction in coffee,
and was a temperature-dependent reaction that followed first order re-
action kinetics and may become an important predicting tool in the cof-
fee industry. However, relying on roasting to decontaminate beans will
greatly affect the quality of the beverage and severe roasting of coffee
beans will also directly affect the level of chlorogenic acid and com-
pounds beneficial to human health. Coffee with low OTA content should
always be used because roasting, or other processes, to reduce OTA may
detract from the quality of the product.

The fate of OTA during decaffeination and roasting processes has also
been investigated (Blanc et al., 1998; Micco et al., 1989; Vecchio et al.,
2012). Concentrations were 0.66 and 1.46 ug kg~ ' for roasted and
green coffee in a German study. Sixty percent contamination (highest
5.66 ug kg~ ') and 66.6% (highest 8.35 ug kg™ ') for green and roasted
coffee respectively was reported in Egyptian work which are atypical re-
sults. In Costa Rican, coffee average, median and highest levels of 0.33,
0.036 and 0.96 pg kg~ ! respectively were detected in roasted coffee
(Vanesa & Pacin, 2013).

3.5. Coffee products

The levels of OTA occurrences tend to be similar between countries
in the case of final coffee products. Vecchio et al. (2012) demonstrated
that coffee contamination was below the EU limit but the incidence
was high. OTA was detected in 96% of samples, and was over 2 g kg~ !

in 12%. No significant difference in values between normal and decaf-
feinated instant coffee was observed. For coffee products the contami-
nation ranged between 0.33 and 0.52 g kg~ ! with a lower frequency
of 30 to 60%. The authors concluded that pure soluble coffee is not a
major source of OTA in the diet of Italians (Vecchio et al., 2012). Howev-
er, the high frequency of OTA occurrence in the instant coffee samples
demonstrates the importance of effective control of this product
which is undertaken by government authorities and the industry
(Vecchio et al,, 2012). Heilmann, Rehfeldt, and Rotzoll (1999) showed
that OTA was reduced significantly during the industrial process, espe-
cially in decaffeinated coffee by solvent extraction.

4. Ochratoxin A consumption from coffee

The role of coffee consumption in OTA intake by humans has been
investigated. JECFA has set a Provisional Tolerable Weekly Intake
(PTWI) for OTA of 100 ng kg~ ! bw week . Patel et al. (1997) calculat-
ed an Estimated Weekly Intake of OTA from soluble coffee from a survey
of coffee drinkers (Table 3). The average coffee drinker ingested
0.4 ng kg~ ! body weight week ™' based on a consumption of 4.5 g of
soluble coffee per day, while the heavy consumer (97.5% percentile)
consumed nearly 20 g soluble coffee per week to give an intake of
1.9 ng kg~ ! body weight/week. Those figures translate into 3.5 ng and
17 ng intake of OTA per day and 0.4% or 2% of the PTWI respectively.
The average OTA concentration in roasted coffee was 0.9 ug kg™!
(Table 2) using the data obtained by Leoni et al. (2000) in Brazil,
where ground and roasted coffee is most used, as is the case for many
coffee producer countries. The average Brazilian adult drinks five cups
of coffee per day then this would correspond to 30 g of roast and ground
coffee (Leoni et al., 2000). The probable daily intake of OTA by a 70 kg
adult would be 0.4 ng kg~ ! bw day~! and this falls far below the
JECFA PTDI. These results indicate that coffee is not a major dietary
source of OTA and this situation should be similar to other coffee drink-
ing countries.

5. Aflatoxin in coffee

The information on the occurrence of AF in green and ground
roasted coffee beans is limited despite the obvious importance of it
being the most dangerous mycotoxin, with statutory limits set by the
EU at low pg kg™ ! levels for many commodities (Regulation No. 1881/
2006). AF are produced predominately by A. flavus and Aspergillus
parasiticus. The temperature optima for A. flavus growth and AF produc-
tion are 33 and 35 °C respectively (Paterson & Lima, 2011) which are
higher than those for ochratoxigenic fungi, with implications for CC
(see later). In addition, higher humidity levels tend to favour A. flavus
growth and AF production (Paterson & Lima, 2011). The minimum a,,
for AF production by A. flavus is 0.82 (c. 18.4% humidity) and the mini-
mum and maximum temperatures of growth for A. flavus range be-
tween 6 and 10 °C and 25 and 37 °C respectively, however, for AFB,
and B, production the optimum temperature is between 16 and 31 °C
(Silva et al., 2008).

Some A. flavus strains isolated by Batista et al. (2003) produced de-
tectable AF by a basic TLC method, although the coffee was not analysed.
However, AF in coffee has been reported (Soliman, 2002), although at
low levels. Aflatoxin was detected during the later stages of fermenta-
tion particularly and during storage, especially for longer periods
(Silva et al., 2008). AFB1 was detected in 50% of samples at levels as
high as 37 pg kg~ in coffee from Guatemala in an early report and con-
tamination of AFB1 in 1% of green coffee beans at 3-12 ug kg~ ! was re-
ported (Nakajima et al.,, 1997). AFB1 was in 32% of 47 samples of
commercial green coffee beans at 2-32 ng kg~ ! (Soliman, 2002). The
frequency of A. flavus ranged between (a) 4 and 80% and (b) 1 and
71% in (a) green coffee beans, and (b) ground roasted coffee beans re-
spectively. AF were detected in (a) 76.5 and (b) 54.6% of the infected
samples, with averages of (a) 4.28 and (b) 2.85 ug kg~ ! in (a) green
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and (b) ground roasted coffee beans respectively. Interestingly, roasting
lowered the concentration of AF in green coffee beans by approximately
50%. The highest levels of AF were detected in decaffeinated green cof-
fee and roasted coffee beans at 24.29 and 16.00 pg kg™ ' respectively
(Soliman, 2002). Four (18.2%) A. flavus isolates produced AFB1, B2, G1,
and G2, although these may not have been A. flavus as this species is
considered not to produce all of these. They may have in fact been
A. parasiticus which does and is morphologically similar to A. flavus.
A. flavus was detected (a) predominantly in C. arabica (Rezende et al.,
2013) and (b) frequently in coffee in other investigations (Batista
etal., 2003, 2009). Finally, AF were detected from some A. flavus isolates
from coffee (Rezende et al., 2013).

Nakajima et al. (1997) reported the effect of heat treatment on the
destruction of AF in green coffee beans and several other studies have
indicated that AF in coffee beans are degraded (Soliman, 2002).
Roasting reduced the individual AF levels in coffee, although AFB1 was
the most persistent followed by AFG2 and AFB2. Oven and microwave
methods of roasting caused AF destruction of c. 47.8 and 42.2%, respec-
tively whereas the traditional method caused a 55.9% reduction in total
AF (Soliman, 2002). Finally, AF may become particularly important with
CCover the next 50 years and hence continual monitoring is required: it
is important to develop methods for preventing AF contamination.

6. Fumonisin in coffee

In the first report of fumonisin (FUM) from coffee, 64 and 32 Thai
Arabica and Robusta dried coffee beans respectively were assessed.
Fusarium species known to produce FUM were not detected, but black
Aspergilli had high incidences on both coffees. Liquid chromatography
with high-resolution mass spectrometric detection showed that 67%
of A. niger isolates from coffee beans were capable of producing FUM
B2 (FB2) and B4. Low concentrations of FB2 (1-9.7 ug kg~ ') were de-
tected in seven of 12 coffee samples after ion-exchange purification
and LC-MS/MS detection: two also contained FB4. This was the first re-
cord of A. niger strains producing FUM (Noonim, Mahakarnchanakul,
Nielsen, Frisvad, & Samson, 2009). However, the levels were low in cof-
fee and more work is required to determine if this is a more general
problem.

7. Other mycotoxins in coffee

Other mycotoxins in coffee have been studied insufficiently for in-
clusion in this review.

8. Mixtures of mycotoxins in coffee

Synergistic effects of combinations of mycotoxins are important and
they occur commonly in crops. Interactive effects can be classified as ad-
ditive, less than additive, synergistic, potentiative, or antagonistic.
Levels of (a) AFB1 and (b) OTA were (a) 32% (2.0-32.9 ng kg~ '), and
(b) 30% (0.1-17.4 pg kg~ ') respectively in a Japanese study (Nakajima
et al., 1997). Arabica coffee from Yemen and Tanzania and Robusta
from Indonesia were found to contain both mycotoxins frequently but
they were not detected in Arabica and some unnamed coffees from
Central and South America.

9. Dietary supplements

In an interesting study on the use of green coffee extracts (GCE) in 50
dietary supplements, OTA and ochratoxin B, FUM and mycophenolic
acid were detected in 36%, 32%, 10%, and 16% of tested products, respec-
tively. The results are difficult to interpret in terms of the contribution of
the GCE to the mycotoxin load, because of the inclusion of the other
components which were, inter alia, cellulose, gelatin, rice bran, rice
hull, maltodextrin, black pepper, coconut oil, beeswax, red cabbage, tur-
meric and raspberry (Vaclavik, Vaclavikova, Begley, Krynitsky, & Rader,

2013). In addition, the samples were obtained by ordering over the
internet and the compositions were only “declared” rather than being
independently determined.

10. Climate change and mycotoxins in coffee

The effects of CC on diseases of coffee has had limited attention and
there is no information on the effects on mycotoxins in coffee, although
some general points can be made. The data available on tropical crops in
general is based on modelling studies: little empirical knowledge exists
for the development of adaptation strategies (Ghini, Bettiol, & Hamada,
2011; Paterson, Sariah, & Lima, 2013). In general, there is insufficient
information on the effects of CC on tropical crops. Coffee is grown in
the wet tropics (see the Introduction section and Fig. 1) and at these en-
vironmental conditions there is less scope for adaption to, for example,
higher temperatures as discussed for other tropical crops (e.g. Paterson
& Lima, 2012; Paterson et al., 2013). In addition, there is high confidence
that mean seasonal and annual temperatures will be larger in the tro-
pics than mid-latitudes relative to natural internal variability (IPCC,
2013). Robusta coffee is grown at lower altitudes (sea level — 900 m)
at 10° north and south of the equator (see Fig. 1) and is much more tol-
erant of hot conditions than Arabica coffee (International Coffee
Organisation, 2012): the vigour and disease resistance of Robusta are
superior to Arabica (FAO, 2006). Consequently, Robusta will be more re-
sistant to CC and crosses between Robusta and Arabica (FAO, 2006)
could be useful in combating CC.

Long-term datasets are rare in relation to tropical and plantation
crop diseases, which are a prerequisite for finding fingerprints of
inter-annual climatic variation on plant diseases (Jeger & Pautasso,
2008): multifactor studies of CC effects have not been attempted. Exper-
imental studies of the long-term effects of increased CO, and O3 concen-
trations on tropical and plantation crops in more realistic field settings
have not been carried out comprehensively and the rule that high
concentration of atmospheric CO, results in higher yield and plant de-
velopment may not apply. New Open Top Chambers designs and envi-
ronmental control systems are necessary to address the requirements
of tropical plant pathosystems (Ghini et al., 2011), including those for
coffee. Much of the literature concerns modelling approaches to deter-
mine how tropical disease distribution may change (Ghini, Hamada, &
Bettiol, 2008) and Deutsch et al. (2008) observed that warming in the
tropics is likely to have the worst effects compared to the situation in
temperate regions for example.

Coffee farmers already suffer from increased climate warming
(Baker & Haggar, 2007; Haggar & Schepp, 2011) where the sustainabil-
ity of the coffee industry faces serious challenges in the coming decades
(Baker & Haggar, 2007; Camargo, 2010; Haggar & Schepp, 2011;
Jaramillo et al., 2011; Titus & Pereira, 2008; Zullo, Pinto, & Assad,
2006) from the response of the crop to high temperature. Arabica pro-
ductivity is influenced highly by CC (Camargo, 2010) and fruit develop-
ment is increased at above 23 °C, leading to reduced beverage quality
(Camargo, 1985), although with satisfactory yields (e.g. in northeast
Brazil) (DaMatta, 2004): this loss of quality could include higher myco-
toxin contamination (Paterson & Lima, 2010a, 2011). Furthermore, con-
tinuous exposure to 30 °C leads to stress, such as low, abnormal growth
including leaf-yellowing and stem-tumours (Franco, 1958). If an
increase of 4-6 °C from CC is obtained in 50 years as predicted
(Paterson & Lima, 20104, 2011, 2012) then current growing regions
will likely experience this temperature and mycotoxin contamination
is more likely. Coffee growth is depressed below 17-18 °C (DaMatta &
Ramalho, 2006) and frosts may limit economic success (Camargo,
1985; Davis et al., 2012). Finally, elevated atmospheric CO, concentra-
tion (as expected from CC) on coffee leaf rust was evaluated (Ghini
et al, 2011) and the average latent period was c. 36 days at
400 p.p.m., reduced to 21, 21 and 19 days at 500, 700 and 900 p.p.m.
CO,, respectively.
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Furthermore, indigenous Arabica coffee is fundamental to coffee
production in Ethiopia (Teketay, 1999) with a value to the industry of
0.5 to 1.5 billion US$/year. The country is the principal African coffee
producer and the fifth largest Arabica exporter. Indigenous populations
of coffee are a key resource for (a) the medium- to long-term sustain-
ability of Arabica production as a “future-proofing” resource, and
(b) providing genetic material to mitigate CC (Davis et al., 2012; Hein
& Gatzweiler, 2006). Also, the CBB pest poses a significant threat to
Arabica in indigenous populations and plantations. The insect is able
to complete one or two generations/year/coffee season (Jaramillo
et al., 2009, 2011) from none/year in SW Ethiopia and the suitability
of the climate for the CBB is predicted to increase in the region (Davis
et al., 2012; Jaramillo et al., 2011). The increase in the occurrence of
this insect is likely to bring associated mycotoxigenic fungi which will
be able to grow as a result of the damage caused to the coffee. A study
of East African Kihansi coffee which is restricted to the Kihansi Gorge
in Tanzania (Davis & Mvungi, 2004), provides an example of how coffee
is influenced by pests under accelerated CC. This local change coincided
with a parasitic infestation which undermined the potential of this cof-
fee, with negative consequences for survival of the coffee species (Rija,
Mwamende, & Hassan, 2011). However, re-locating coffee plantations
will bring economic benefits within a realistic time frame (Davis et al.,
2012) and this may include new plantations having fewer pest and dis-
eases from the “Parasites Lost” phenomenon (see Paterson & Lima,
2011, 2012; Paterson et al., 2013), where crops planted in novel loca-
tions often have fewer pests.

Some Arabica coffee might resist CC until 2080 suggesting they
should be candidates for long-term in situ conservation (Davis et al.,
2012), although the increase in hostile conditions means they may be
more susceptible to mycotoxigenic fungi. The levels of mycotoxins
may increase (Magan, Medina, & Aldred, 2011), as will those fungi

more suited to growth at higher temperatures such as AF producers
(Paterson & Lima, 2010a). Overall, the models show a profoundly nega-
tive influence of CC on indigenous Arabica and the most favourable out-
come was a 65% reduction in the number of pre-existing suitable
localities in terms of climate, and at worst, an almost 100% reduction,
by 2080. Bioclimatic unsuitability would place coffee populations in
peril, leading to severe stress and a high risk of extinction. Arabica coffee
is a climate sensitive species, supporting data and inferences that
existing plantations will be negatively impacted by CC (Davis et al.,
2012).

Consequently, the general response of crops to CC means that the
change in, for example, temperature will make growing the crop impos-
sible in some areas and the mycotoxin issue will be irrelevant. This is
likely to occur in large amounts of land normally suitable for coffee
growth (see Paterson & Lima, 2011, 2012; Paterson et al.,, 2013). There
will be an intermediate region where growing the crop is possible but
the crop will be subjected to greater stress from suboptimal climatic
conditions, poor soil, insects, and pest and disease microorganisms,
which will make the process less profitable or unprofitable. In this sce-
nario, mycotoxins will become a particularly serious problem as the
toxigenic fungi will be able to invade the coffee crop more readily.
More dangerous mycotoxins will probably become prevalent at the
higher temperatures and, for example, AF will tend to supersede OTA
as the major mycotoxin, because temperatures will become more suit-
able for the thermotolerant Aspergilli that produce AF (Paterson &
Lima, 2010a). This is one of the major issues for future coffee production.
In addition, FUM may become more prevalent as it is a higher tempera-
ture mycotoxin, as described for maize (Paterson & Lima, 2012). The
third scenario is that coffee will be grown in new land which may
allow low levels of mycotoxins because of the Parasites Lost phenome-
non, where new growth crops often have fewer pests and diseases

b)community unchanged
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Fig. 3. This diagram indicates that fungal contamination of coffee proceeds at a certain rate “k” with established fungi which can be considered as members of the ochratoxigenic Aspergilli
or other toxin producing fungi. When climate change (CC) occurs this rate may increase as indicated by “b” from increased production rates of existing fungi and by greater ingress of these
fungi from stress to the coffee. However, the trajectory can move to a new unpredictable path “c” if novel fungi occur on the coffee because of CC and these fungi may include aflatoxigenic
fungi which could grow more effectively at the higher temperatures for example. The novel fungi may occur simply by greater competition from better adapted fungi, and/or from mutated
fungi from higher UV irradiation and/or from increased mutagenic fungal secondary metabolites (e.g. mycotoxins) as discussed in Paterson and Lima (2011).
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(Paterson & Lima, 20103, 2011, 2012; Paterson et al., 2013). However,
an opposing factor may be a reduction of natural competing organisms
which act as a form of biological control of the toxigenic fungi. Of course
this basic analysis will be affected if more resistant coffee strains are de-
veloped which can adapt better to CC, perhaps by crosses of the two
main species. Finally, the path of diseases may take a new, more devas-
tating and unpredictable route, if the new climates allow the develop-
ment of novel pest organisms (Paterson & Lima, 2011; Paterson et al.,
2013) (Fig. 3).

The production of coffee may become optimal in currently sub-
tropical regions such as the Southern United States of America as part
of the general “movement of crops to the Poles” (Pritchard, 2011). The
sub-tropical countries consist of the major developed countries such
as the USA which will be able to cope better with increased mycotoxins
in coffee, where the technological expertise is greater than in many cur-
rently tropical countries in which coffee is grown (Paterson & Lima,
2011).

11. Conclusions

OTA contamination can clearly be minimized by following good ag-
ricultural practice and post-harvest handling consisting of appropriate
techniques for drying, grading, transportation and storage of raw coffee.
The greatest OTA contamination of coffee appears in the (a) husks,
(b) coffee from the soil, and (c) floated coffee obtained during process-
ing. There is a requirement for more statistical experiments to determine
the correlation between fungi isolated from, and the concentration of
OTA in, coffee beans. The possibility of endophytic ochratoxigenic fungi
within healthy beans requires greater consideration. Moreover, better
quality raw material, appropriate dehulling procedures and reduction
of defects using colour sorting to reject defective beans can substantially
reduce the concentration of OTA in raw coffee. These procedures are well
established. The effects of CC need urgent consideration. Finally, the
European coffee associations and bodies published the Code of Practice
“Enhancement of coffee quality through prevention of mould formation”
(www.ecf-coffee.org). The objective is to assist operators throughout the
coffee chain to apply Good Agricultural Practice, Good Practices in Trans-
port and Storage and Good Manufacturing Practices hence preventing
OTA contamination and formation. Preventive measures taken by all par-
ticipants in the chain from tree to cup are the most appropriate ways to
prevent OTA contamination in coffee.
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