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Simple Summary: The coffee berry borer and coffee fruit rot are serious problems for coffee
plants and growers. Until now they have been treated separately, but recent studies have
shown they are closely linked. In this review, we consider the implications of new data for
the coffee plant and the coffee berry borer. This synthesis provides additional incentives to
control the coffee berry borer, since it will also help to reduce coffee fruit rot.

Abstract: The coffee berry borer (CBB) is the most destructive pest of coffee worldwide,
with damages exceeding $500 M a year and affecting the livelihood of 25 million farmers.
Coffee fruit rot (CFR) is described as an anthracnose disease; it can cause up to 80% loss
of the crop on susceptible cultivars when conditions favor it. These two serious threats to
coffee production have been studied separately, but a link between them was not shown
until recently. Several recent studies show that CBB damage is associated with a higher
incidence of fruit rot; CBBs carry Colletotrichum and Fusarium fungi, also found in rotted
fruits, and can transmit disease to coffee fruits as they bore into them. Previous studies
on the relationship between CBB and Fusarium did not take into account that Fusarium
is involved in coffee fruit rot, so these recent findings shed new light on the relationship.
Here we discuss this relationship and its implications, both ecological and practical.

Keywords: Beauveria; coffee berry disease; coffee fruit rot; Colletotrichum; Fusarium;
Hypothenemus hampei

1. Coffee Fruit Rot and Coffee Berry Disease
The coffee berry borer (CBB) Hypothenemus hampei (Coleoptera: Scolytidae) is the most

damaging insect pest of coffee worldwide [1]. CBB infestation affects both coffee yield and
quality, and causes losses estimated at $500 M per year [2].

H. hampei needs no introduction for readers of this Special Issue, but coffee fruit rot
(CFR) is less familiar. Coffee fruits may develop discolored sunken lesions (Figure 1). The
lesions are more common on ripening (yellow or red) fruits but may also be observed on
green fruits [1,3–6]. Fruits with lesions can become dry and mummified. The disease may
lead to fruit abscission and affect coffee yield and quality, often causing losses of 20–30%,
and much higher in susceptible cultivars when rainfall is high [1,7]. At high altitudes,
and in the absence of effective control, losses frequently exceeded 80% [8]. It is partly
responsible for the decrease in Africa’s share of world coffee production over the last fifty
years [9].

There has been considerable confusion about the name of the disease and the identity
of the pathogen. Fungal rot of coffee fruits was first described in Kenya in 1922 [3]. The
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disease was named coffee berry disease (CBD), and the causal agent was a close relative of
the widespread and well-known species Colletotrichum gloeosporioides, later described as
C. coffeanum var. virulans [4]. The distribution of C. coffeanum was reported to be limited to
East Africa, which is odd considering that the species was described based on type material
from Brazil [10]. The pathogen spread to all major coffee-producing areas in Africa in the
following decades [11,12] but, as far as is known, is still limited to Africa [13].
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The name was changed to C. kahawae [14] and then, based on DNA sequence-based
phylogenies, to C. kahawae ssp. kahawae [15]. C. kahawae ssp. kahawae was proposed to have
arisen from a more generalist pathogen, C. kahawae ssp. cigarro, following a host jump to
coffee fruits [16]. However, there was resistance to reducing the coffee fruit pathogen to the
level of subspecies, partly because C. kahawae is subject to quarantine [17] and changing
the name could cause confusion for plant protection enforcement [10]. Furthermore, the
high diversity of Colletotrichum species in coffee farms, both on coffee plants and on other
substrates, increases the risk of misidentification [18]. Mistaken identification of C. kahawae
can potentially compromise the phytosanitary status of the crop and country. For example,
an isolate from a tree tomato in Colombia was identified as C. kahawae by morphology and
DNA sequences [19]. Because the presence of C. kahawae ssp. kahawae could be grounds
for quarantine restrictions, additional sequencing was conducted to demonstrate that
this fungus was C. kahawae ssp. ciggaro [20]. Extensive data of several types supported
maintaining C. kahawae as a separate species [13].

The claim that C. kahawae is the only species that can rot green coffee fruits, and only
at high elevations in Africa, has become entrenched in the literature [1]. This is clearly
not true (see Figure 1). Similarly, the name ‘coffee berry disease’ is only applied to Africa.
For example, the Compendium of Coffee Diseases and Pests states: “Coffee berry disease is
confined to date to the African continent. . .” and does not mention that other species of
Colletotrichum cause anthracnose on green coffee fruits elsewhere [1]. Giving the same
disease a different name because it occurs in a different place and involves a different
(but very closely related) pathogen seems unreasonable; it leads to further confusion and
proliferation of names.

Also, species’ names change because the taxonomy of the group is still in flux [10,13].
The current state of fungal taxonomy recognizes many cryptic species that are similar
morphologically but are distinguished by differences in DNA sequences. This means that
comparisons with papers written before DNA sequencing was widely available are limited,
because it is unclear what the fungi they describe would be called today. Since the fungi
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they worked with are usually not available in culture collections, there is often no way
to compare pathogens among studies. As more sequences are added to provide higher
resolving power to phylogenetic analyses, it is expected that many existing names will
change in the next few years.

Here, we follow what has become standard usage: we use coffee berry disease (CBD)
to refer to the disease in Africa caused by C. kahawae and coffee fruit rot (CFR) to refer to
the same disease elsewhere caused by other Colletotrichum species [6].

2. Coffee Fruit Rot Studies in Puerto Rico
This review focuses on work in Puerto Rico, although there is little awareness of CFR

there. Many coffee farmers in Puerto Rico attribute anthracnose symptoms to sunburn
(which is abiotic) and do not realize there is a biotic component.

However, recent studies of CFR in Puerto Rico have revealed several novel aspects of
the disease; they probably occur elsewhere as well, although parallel studies have not yet
been conducted in other countries. First, four species of Colletotrichum were isolated from
CFR lesions and shown to be pathogens using inoculation tests on green coffee fruits [21].
Two of these species, C. theobromicola and C. tropicale, had not previously been identified
as pathogens of coffee fruits. Second, internal rot was observed in coffee fruits that were
externally healthy; these internal rots were not mentioned previously in the literature.
C. tropicale caused more external than internal rot, whereas C. theobromicola caused both,
suggesting a disease complex of pathogens with different but overlapping niches. Recent
theoretical work supports this example of niche differentiation among closely related
species sharing common resources [22].

Third, fruits with sporulating colonies of the fungus Beauveria bassiana had significantly
less fruit rot than fruits without [21]. This suggests there may be competition between
B. bassiana and Colletotrichum, which was confirmed by inoculation experiments on green
coffee fruits, both in the lab and in the field. Fourth, when fruits were inoculated with
conidia of Colletotrichum spp., fruits with CBB entry holes developed significantly more rot
than fruits without; the holes helped the pathogens to bypass the cuticle and enter the fruit.
Fifth, CBBs inoculated with conidia of Colletotrichum and placed on bagged coffee branches
in the field resulted in significantly more fruit rot than in control branches exposed to
uninoculated CBBs. This demonstrated that the CBB can be a dispersal agent of coffee fruit
rot pathogens. These connections between coffee fruit rot and the CBB (and also Bb) were
novel; none had been shown previously.

Fruits with CBB holes had significantly more rot than unbored fruits, both external and
internal [5]. However, the CBB is only one factor of many in CFR. In Puerto Rico, CFR is
significantly more common at low altitudes [5] whereas the CBB infestation is significantly
more common at high altitudes [23].

Another fungal genus, Fusarium, is also an important cause of CFR, though until
recently studies have focused almost entirely on Colletotrichum. Colletotrichum was isolated
more frequently from fruits in the early stages of external rot; Fusarium was isolated more
frequently from fruits with advanced stages of external rots and from internal rots [5]. Five
Fusarium species caused disease of green coffee fruits in inoculation tests, four of which
had not previously been reported from coffee fruits [6]. Three of these species were also
isolated from CBBs in rotted fruits, along with two other Fusarium species. When CBBs
were inoculated with Fusarium conidia and placed on bagged coffee branches they bored
holes in the fruits, and these fruits developed significantly more rot than fruits without
CBBs; the CBB damage was associated with both external and internal rot [6]. F. bostrycoides
(in the F. solani species complex) was the species most frequently isolated from CBBs and
was associated with both external and internal rots.
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These results make clear that (1) the CBB is a vector of Fusarium, and that its bore
holes facilitate the entry of pathogens into coffee fruit; (2) the CBB contributes to both
internal and external rots; (3) Fusarium is an overlooked factor in CFR; and (4) internal rots
in externally healthy coffee fruits have been overlooked and can be serious.

The focus on Puerto Rico may seem excessive, but the relationship between CFR
(including coffee berry disease) and the CBB, and the role of Fusarium in CFR, have not
been studied elsewhere, though they probably exist elsewhere. In a survey of 16 papers on
CFR (including coffee berry disease, and including many of the papers cited here), only one
mentioned the CBB or Fusarium. That paper mentioned that the CBB could carry Fusarium
as well as other fungi [24]. Similarly, very few papers on CBB mention CFR, unless they are
citing the papers reviewed above (e.g., [2]). The primary purpose of this review is to bring
these neglected relationships to the attention of CBB researchers.

The studies cited above have several implications for CFR and the CBB that they do
not discuss. Four such implications are discussed below: production of volatiles, evidence
of symbiosis between the CBB and Fusarium, interactions among trophic levels, and a
possible role for bacteria. They are speculative in the sense that they propose experiments
based on the literature rather than review experiments already published.

3. Volatiles
As stated above, CBB damage makes coffee fruits more susceptible to rot by

fungi—but what about the other way around? We hypothesize that volatile compounds
released during coffee fruit rot can attract CBBs, and that CBBs prefer to attack fruits that
already have CBD. There is extensive literature on coffee fruit volatiles as attractants of
CBBs, but very little is known about the CBB’s response to fungal or bacterial volatiles.
Jaramillo et al. (2013) proposed:

“Noteworthy is the response of H. hampei to some of the compounds combined
with ethanol and methanol. Because the biology of this insect suggests a close
association with its host and its lineage with microorganisms, it would certainly
gain from being able to detect fermenting odors since microbial infection of the
berries during feeding would lead to the release of corresponding scent. As such,
it is not surprising that H. hampei is attracted to the synthetic blend of a few of
these VOCs combined with ethanol and methanol. Methanol and ethanol are
products associated with wood decay and are components of the bouquet used
by some ambrosia beetles for host detection acting synergistically with other
attractive compounds in several species. . . [25].”

Fruit rot by microorganisms and the volatiles they produce has been assumed to repel
herbivores [26]. In this view, microorganisms avoid competition for fruits with larger
organisms by producing spoilage compounds that deter predation. However, in the case
of citrus fruits, rot by the fungus Penicillium digitatum increased (rather than decreased)
frugivory [27]. Since the CBB prefers to infest mature fruits, it is possible they use fruit
rot-associated odors as cues.

Coffee fruit volatiles are of great interest for developing improved traps for CBBs.
Currently, most traps use a methanol:ethanol mixture as an attractant but adding other fruit
volatiles can help to attract the CBB and repel non-target insects more efficiently [28,29].
Volatiles emitted by Colletotrichum, Fusarium, and other coffee fruit rot-associated mi-
croorganisms should be tested as possible attractants of the CBB that could be added to
these mixtures.

Fusarium verticillioides infects sugarcane, sometimes entering through holes bored by
larvae of the moth Diatraea saccharalis. Fungal volatiles attract D. saccharalis which feeds
on the plant [30]. Furthermore, D. saccharalis females not carrying the fungus prefer to
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oviposit on F. verticillioides-infected plants, while females carrying the fungus prefer to feed
on uninfected plants. It would be interesting to see if the presence of fungi causes CBBs to
alter host preference in a similar manner.

Chemical cues produced or modified by Colletotrichum and Fusarium might affect the
CBB’s parasitoids or predators as well as the CBB itself [31]. For example, a parasitoid
of the sugarcane borer Diatraea saccharalis preferred borer larvae from uninfected plants
than from plants infected by the red rot fungus F. verticillioides [32]. Since feeding on red
rot-infected plants decreased larval weight, its volatile compounds may have been a signal
of lower resource quality to the parasitoid, or of the potential presence of mycotoxins in
the larvae.

Moreover, Colletotrichum and Fusarium can produce metabolites in coffee beans that sur-
vive the roasting process and contribute bitterness, astringency, off-flavors, and decreased
aroma to the final product [24]. Their impact on coffee quality needs to be established,
especially since the studies cited above show that internal Fusarium rots are prevalent in
coffee fruits and are not visible without cutting open the fruit; their impact on organoleptic
quality of coffee is probably much greater than currently recognized.

4. Scolytid Beetles and Fusarium
There are also interesting, unresolved questions about the relationship between the

CBB and Fusarium. H. hampei is in the family Curculionidae and subfamily Scolytinae.
About half of the 7500 species of Scolytinae are ambrosia beetles that cultivate fungi in
galleries in plant hosts [33]. This mutualism has evolved many times independently in
the group [34]. Most ambrosia beetles farm fungi in the families Ophiostomataceae and
Ceratocystidaceae; these fungi appear to have coevolved with the beetles and may not be
able to reproduce and develop without them. However, a few ambrosia beetles cultivate
Fusarium in the F. solani species complex [35].

Although H. hampei is not considered an ambrosia beetle, there is evidence that its
relationship with Fusarium may be complex. H. hampei raised on coffee beans supplemented
with F. solani produced more eggs and larvae than those without [36]. Replacing the
fungus with ergosterol, a fungal sterol, also increased the CBB’s reproduction and survival.
Setae on the pronotum, the first segment of the thorax, were effective at trapping and
dispersing spores, effectively functioning as a type of mycetangium, or fungus-transporting
structure. However, another nutritional experiment found no significant effect of Fusarium
supplementation [37].

Morales-Ramos et al. propose a mutualistic relationship between the CBB and F. solani,
but do not describe how the insect benefits the fungus [36]. That missing evidence can
be found in Serrato-Diaz et al. [6]: the CBB transmits the fungus to coffee fruits where
it propagates, causing internal rots. It is possible that this fruit rot in turn attracts more
CBBs, as suggested above. However, sporulation followed by water dispersal is presumed
to be the main source of infection [38]. If the CBB vectors Fusarium to the coffee fruit,
Fusarium rots the fruit and provides important nutrients for the CBB and its larvae, and
then Fusarium is dispersed to new fruits by the CBB, then this relationship has many
similarities to the relationship between wood-boring scolytids and their fungal mutualists.
On the other hand, there are also reports of F. oxysporum as an opportunistic pathogen of the
CBB [39], and an unidentified Fusarium caused mortality on CBBs in lab experiments [40].
In general, tripartite symbioses among plants, plant pathogens, and herbivores are complex
and variable in outcomes [41].
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5. Trophic Interactions Involving CBBs and CFR
Ivette Perfecto and colleagues have studied interactions among organisms in coffee

farms in Chiapas, Mexico [42]. Their models include fungal pathogens and insect pests of
coffee, other fungi and insects that attack these pathogens and pests, and ants (Formicidae,
especially Azteca) that have multiple interactions with several of the organisms involved.
One of the conclusions is that the system is complex on several trophic levels, and a control
measure that targets one organism may have unintended effects on others.

Based on the studies reviewed here, a similar model can be developed on the level of a
single coffee fruit (Figure 2). The CBB attacks the coffee fruit directly and also indirectly by
facilitating fruit rot. Bb attacks the CBB and also competes with the pathogen Colletotrichum,
providing two levels of protection to the coffee fruit. Bb does not appear to compete
efficiently with Fusarium [21].
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Figure 2. Possible interactions in a coffee fruit. Arrow color indicates interactions: clear, positive;
black, negative; gray, unclear, no experimental evidence. The red line represents the coffee fruit
exocarp, the yellow area is the developing seed, and the dashed lines show the CBB entry hole.
Beauveria feeds on CBB, kills it, and competes with Colletotrichum. Its interaction with Fusarium is
unknown. Fusarium contributes to the nutrition of the CBB; its relationship with Colletotrichum is
unknown. The CBB is a vector of Fusarium and also facilitates the entry of Colletotrichum. Volatiles
from Colletotrichum possibly attract the CBB to the rotting fruit. Half of the interactions have not been
explored sufficiently to suggest whether they are negative or positive.

Other interactions remain unexplored. First, how do Fusarium and Colletotrichum
interact? Do they facilitate each other in degrading the fruit, as may be inferred from the
fact that they generally colonize different parts of the fruit? Or are they competitors? Since
several species of each genus are involved, and several species are more common in certain
parts of the fruit and at certain stages of decay than in others [6,21], there are probably
cases of facilitation and competition happening simultaneously. This implies a more
complex model.

6. Hygiene, Control, and Overwintering
Another unexplored parallel between CFR and CBB is hygiene and control. There is

extensive and widely known literature on the importance of hygiene for CBB control [43].
Hygiene should likewise be useful for control of CFR; that is, removal of infected fruits
after harvest to reduce levels of inoculum. However, recent reviews and studies of CFR do
not mention hygiene [9,44,45].

Adjusting harvest time to remove infested fruits could be an effective tool for CBB
control, as shown by mathematical modelling of CBB populations; that is, when CBB
damage is high an early harvest may prevent further cycles of infestation [46]. The same
may be true of CFR, though no similar studies have been conducted.
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In both cases it is not entirely clear where the pathogen reservoir is between seasons.
In most places with a single harvest season per year, there is a period of several months
when there are no coffee fruits sufficiently ripe to attack. Again, this has been extensively
studied in the CBB, and some of the literature may be useful when applied to CFR. The
CBB has a strong preference for coffee fruits over other potential hosts, so its whereabouts
when no coffee fruits are available has been debated for over a century [47]. CFR pathogens
are apparently not host specific [10], but it is still important to identify reservoirs where the
pathogens survive when no coffee fruits are available.

7. Bacteria as Potential Pathogens and Biocontrol Agents
Figure 2 does not include bacteria. It is reasonable to assume that bacteria participate

in coffee berry disease and coffee fruit rot; rotted fruits contain bacteria as well as fungi.
Are these bacteria primary pathogens, or are they saprotrophs or secondary pathogens
of already-rotted tissue? Bacteria have been tested as potential biological control agents
against CBD, with promising results [48], but their role as pathogens in the disease has
apparently not been tested. Two reviews on CBD do not mention bacteria as possible
pathogens [9,49]. Studies on the bacterial microbiota of the CBB have mainly focused on
caffeine degradation [50], cellulose metabolism [51], metabolism in general and biological
control [52], and sex ratio [53,54]; bacteria as potential pathogens have been overlooked.

There is, however, evidence that bacteria can help protect coffee fruits from CBD. In
experiments in Kenya, coffee fruits with the richest microbiota (including bacteria, yeasts,
and filamentous fungi) had lower levels of CBD than fruits in areas with less microbiota [55].
Fungicide application decreased microbiota and increased CBD. Fungi isolated from coffee
fruits in Kenya inhibited C. kahawae growth in vitro [56]; it is likely that some bacteria could
have had a similar protective effect. Fungicides that decrease Bb populations may lead to
larger CBB populations, which could partly explain the increase in CBD noted.

8. Implications for CBB Management and Future Studies
The above discussion suggests complex interactions, many of which are still unstudied,

but it has some simple implications for management. First, controlling CBB will have a
secondary benefit of reducing CFR [6,21]. Application of Bb early in the season should help
to control both. Conversely, controlling CFR could possibly help reduce CBB damage if
microbial volatiles serve as CBB attractants.

In Puerto Rico, most coffee growers have stopped trying to control the CBB. In the first
ten years after its arrival in 2007, many farms used alcohol traps and applied Mycotrol®, a
formulation of Bb [23]. More recently, neither of these control measures is common due to
a lack of farm labor and capital; the focus has been on recovery from Hurricane Maria in
2017. Evidence that controlling the CBB can also help control CFR, and that Bb may control
both, may provide an incentive to resume the use of control measures.

Fears that C. kahawae may spread from Africa to other areas [17,57] may be assuaged
by the evidence that other fungi are already occupying the same niche.

Volatiles produced by Colletotrichum and Fusarium should be tested as possible addi-
tions to CBB traps.

Use of fungicides to control CFR/CBD may be counterproductive, by inhibiting the
microbiota that competes with the pathogens on the surface of the fruit, and by killing Bb,
a pathogen of the CBB whose damage makes fruits susceptible to CFR.

The studies cited above contradict and expand the prevailing concept of the disease in
several ways: they showed an association between CFR and the CBB, that CFR attack on
green fruits is not limited to Africa nor to high elevations, that Fusarium is an important
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pathogen of CFR, and that internal fruit rot, invisible from the outside, is a serious aspect
of the disease.
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