
u n i ve r s i t y  o f  co pe n h ag e n  

The value of biotic pollination and dense forest for fruit set of Arabica coffee

A global assessment

Moreaux, Céline; Meireles, Desirée A.L.; Sonne, Jesper; Badano, Ernesto I.; Classen, Alice;
González-Chaves, Adrian; Hipólito, Juliana; Klein, Alexandra Maria; Maruyama, Pietro K.;
Metzger, Jean Paul; Philpott, Stacy M.; Rahbek, Carsten; Saturni, Fernanda T.; Sritongchuay,
Tuanjit; Tscharntke, Teja; Uno, Shinsuke; Vergara, Carlos H.; Viana, Blandina F.; Strange,
Niels; Dalsgaard, Bo
Published in:
Agriculture, Ecosystems and Environment

DOI:
10.1016/j.agee.2021.107680

Publication date:
2022

Document version
Publisher's PDF, also known as Version of record

Document license:
CC BY

Citation for published version (APA):
Moreaux, C., Meireles, D. A. L., Sonne, J., Badano, E. I., Classen, A., González-Chaves, A., Hipólito, J., Klein,
A. M., Maruyama, P. K., Metzger, J. P., Philpott, S. M., Rahbek, C., Saturni, F. T., Sritongchuay, T., Tscharntke,
T., Uno, S., Vergara, C. H., Viana, B. F., Strange, N., & Dalsgaard, B. (2022). The value of biotic pollination and
dense forest for fruit set of Arabica coffee: A global assessment. Agriculture, Ecosystems and Environment, 323,
[107680]. https://doi.org/10.1016/j.agee.2021.107680

Download date: 23. maj. 2023

https://doi.org/10.1016/j.agee.2021.107680
https://curis.ku.dk/portal/da/persons/jesper-sonne(a0f2681e-2414-4262-b034-3268808d8068).html
https://curis.ku.dk/portal/da/persons/carsten-rahbek(7aab0090-fb0d-4af4-8c65-8e6edbef6684).html
https://curis.ku.dk/portal/da/persons/niels-strange(f70a0af8-09f6-43d9-8760-1723aff10e3f).html
https://curis.ku.dk/portal/da/persons/bo-dalsgaard(56c27e4a-e4d4-4b8b-8c87-a64cbb76107f).html
https://curis.ku.dk/portal/da/publications/the-value-of-biotic-pollination-and-dense-forest-for-fruit-set-of-arabica-coffee(56f92ed4-0efa-4557-9f97-48e65ac5c890).html
https://curis.ku.dk/portal/da/publications/the-value-of-biotic-pollination-and-dense-forest-for-fruit-set-of-arabica-coffee(56f92ed4-0efa-4557-9f97-48e65ac5c890).html
https://curis.ku.dk/portal/da/publications/the-value-of-biotic-pollination-and-dense-forest-for-fruit-set-of-arabica-coffee(56f92ed4-0efa-4557-9f97-48e65ac5c890).html
https://curis.ku.dk/portal/da/publications/the-value-of-biotic-pollination-and-dense-forest-for-fruit-set-of-arabica-coffee(56f92ed4-0efa-4557-9f97-48e65ac5c890).html
https://doi.org/10.1016/j.agee.2021.107680


Journal of Invertebrate Pathology 186 (2021) 107673

Available online 7 October 2021
0022-2011/© 2021 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Strongwellsea crypta (Entomophthorales: Entomophthoraceae), a new 
species infecting Botanophila fugax (Diptera: Anthomyiidae) 

Jørgen Eilenberg a,*, Verner Michelsen b, Annette Bruun Jensen a, Richard A. Humber c,1 

a Department of Plant and Environmental Sciences, University of Copenhagen, Thorvaldsensvej 40, 1871 Frederiksberg C., Denmark 
b Natural History Museum of Denmark, University of Copenhagen, Universitetsparken 15, 2100 Copenhagen Ø, Denmark 
c USDA-ARS Emerging Pests and Pathogens Research Unit, Robert W. Holley Center for Agriculture and Health, Ithaca, NY 14853, USA   

A R T I C L E  I N F O   

Keywords: 
Insect pathogenic fungus 
Anthomyiid flies 
Diversity 
Host specialization 

A B S T R A C T   

A new species from the genus Strongwellsea (Entomophthorales: Entomophthoraceae) is described: Strongwellsea 
crypta Eilenberg & Humber from adult Botanophila fugax (Meigen) (Diptera: Anthomyiidae). The description is 
based on pathobiological, phenotypical and genotypical characters. The abdominal holes in infected hosts 
develop rapidly and become strikingly large and edgy, almost rhomboid in shape. The new species S. crypta 
differs from S. castrans, the only described species infecting flies from Anthomyiidae, by: (a) naturally infecting 
another host species, (b) by having significantly longer primary conidia, and (c) by genotypical clustering 
separately from that species when sequencing ITS2.   

1. Introduction 

The fungal genus Strongwellsea Batko & Weiser emend. Eilenberg & 
Humber belongs to the Entomophthoraceae subfamily Erynioideae, 
characterized by mononucleate, bitunicate conidia (Jensen et al., 1998, 
Gryganskyi et al., 2012, 2013, Humber, 2016). Strongwellsea contains 
specialist insect-pathogenic species infecting adult Diptera. A special 
feature of species from this genus is that infections cause the develop-
ment of a large, abdominal hole in the ventral abdomen, through which 
primary conidia are discharged while the infected host is still alive 
(Batko and Weiser 1965, Humber 1975, 1976, Eilenberg et al., 2020b). 
Primary conidia are obovoid to subcylindrical (Eilenberg et al., 2020a), 
although one species has needle-shaped primary conidia. Two types of 
secondary conidia can be produced and actively discharged from pri-
mary conidia, namely ellipsoid or subglobose types (Eilenberg et al., 
2020a). Resting spores in the genus have a spiny epispore and are (sub) 
globose and colored bright or dark orange, peach melba or yellow. No 
abdominal hole develops on flies containing resting spores. 

The genus is most commonly documented in host species belonging 
to Anthomyiidae, Muscidae and Fanniidae (Batko and Weiser, 1965, 
Humber, 1976, Eilenberg and Michelsen, 1999, Keller, 2007, Eilenberg 
et al., 2020a,b). The five described species infect hosts from these 
families: Strongwellsea castrans Batko & Weiser (1965) from host Delia 

platura Meigen (Anthomyiidae), Strongwellsea magna Humber (Humber, 
1976) from host Fannia canicularis L. (Fanniidae), Strongwellsea pratensis 
Keller from host Coenosia albicornis Meigen (Muscidae) (Keller, 2007), 
Strongwellsea tigrinae Eilenberg & Humber from host Coenosia tigrina 
(Fabricius) (Eilenberg et al., 2020b), and Strongwellsea acerosa Eilenberg 
& Humber from host Coenosia testaceae (Robineau-Desvoidy) (Eilenberg 
et al. 2020b). The species description of S. tigrinae included for the first 
time a description of the morphology of all four spore types: primary 
conidia, subglobose secondary conidia, ellipsoid secondary conidia, and 
resting spores. Information about spore morphology accompanied with 
information about natural host species and phylogeny forms a firm base 
for decision about taxonomic status of the different species. 

Strongwellsea infections have been documented several times in the 
northern hemisphere on Diptera belonging to Anthomyiidae (Smith 
1927, Strong et al, 1960, Jones, 1970, Nair and McEwen, 1973, Evla-
kova, 1974, Eilenberg and Michelsen, 1999, Klingen et al., 2000, 
Eilenberg, 2002, Eilenberg and Jensen 2018). In the phylogenetic study 
by Eilenberg and Jensen (2018), they found that while Strongwellsea in 
Anthomyiidae all belonged to the same major cluster, the Strongwellsea 
spp. from different anthomyiid host species clustered separately within 
that major cluster, reflecting the pathobiological differences and the 
strong host specialization in Strongwellsea. 

Botanophila fugax, the anthomyiid host of the new Strongwellsea sp. 
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described below, is widely distributed in the boreal and temperate parts 
of Eurasia and North America (Evenhuis & Pape, 2021). It is among the 
most abundant species of Anthomyiidae in Denmark and other parts of 
temperate Europe. We have experienced that B. fugax thrives particu-
larly well in open habitats subject to agriculture, gardening and other 
human disturbance. The reason might be found in the habits of the 
larvae. Available sources (Günthart 1949, Miles 1950, Brooks 1951, 
Duček 1969) suggest that the larvae are mainly saprophytophagous, 
living preferably as secondary invaders of roots, crowns and stems of 
various dicots injured by other insect larvae. Most species have been 
obtained from decomposing tissues of various brassicas such as cabbage, 
turnip, cauliflower, Brussels sprout and rapeseed. The adult flies regu-
larly visit flowers, preferably members of the carrot family (Apiaceae), 
in order to obtain nectar. It occurs throughout the season with three to 
four generations of these flies. 

Botanophila fugax adults can be infected by two species from Ento-
mophthorales: Entomophthora muscae (Cohn.) Fres. sensu lato (Thomsen 
and Jensen, 2002) and a Strongwellsea species (Eilenberg and Michelsen, 
1999, Eilenberg and Jensen 2018, Eilenberg et al., 2020a). Strongwellsea 
from B. fugax clustered differently from Strongwellsea castrans from 
D. platura (Eilenberg and Jensen, 2018), and Eilenberg and Michelsen 
(1999) documented that primary conidia of the Strongwellsea species 
infecting B. fugax were longer than those of S. castrans. By that, all three 
important characters for describing the Strongwellsea infections in 
B. fugax as a new species are present: natural host species, fungus ge-
notype, and spore morphology. 

2. Materials and methods 

Sampling and incubation: In total, 85 infected specimens of B. fugax 
were sampled between 1993 and 2020 on several localities in North 
Zeeland, Denmark: Jægerspris, Slangerup, Hundested, and Ågerup. All 
85 infected specimens were females, and five of these infected flies died 
with resting spores. The largest collection, 60 infected specimens, was 
sampled between October 2 and October 28, 2019, on the type locality 
at Vester Strand, Jægerspris, Denmark (55.8533045◦N, 11.9647856◦E). 
The area is mixed woodland, hedges and cropped fields. A number of 
captured living flies exhibited abdominal holes observable in the net in 
the field, which immediately confirmed the presence of a Strongwellsea 
infection producing conidia. They were incubated individually in 25 ml 
cups to collect primary and secondary conidia to be kept dry on cover-
slips until examination (Eilenberg et al., 2020a). Flies without symptoms 
were incubated one week at room temperature to obtain additional flies 
developing symptoms of conidial infections and to obtain any Strong-
wellsea-infected flies that might produce the resting spores. Infected flies 
were identified to species level and retained individually in 70% alcohol 
if infected and discharging conidia or kept dry if filled with resting 
spores. 

Fungal morphology: A drop of lactic acid (without cotton blue or any 
other stain) was added to a glass slide, and coverslips with conidia were 
inverted onto it and sealed with nail polish. Aceto-orcein was used to 
stain preparations to visualize the nuclei. In the case of resting spores, 
flies were partly dissected to obtain sufficient number of resting spores 
to stain and to examine. The morphological studies of primary conidia, 
secondary conidia, and resting spores were performed using an Olympus 
AX70 Provis microscope with either transmitted light, differential 
interference contrast, or phase contrast enhancement at 400× magnifi-
cation. Measurements were made only for those primary conidia or 
secondary conidia (subglobose and ellipsoid) situated laterally, with the 
axis parallel to the slide and with the whole spore outline in focus. Only 
resting spores without obvious pressure-induced malformations were 
measured. The length and width of up to 100 spores (primary conidia, 
secondary conidia, and resting spores), to a maximum of 20 spores per 
infected fly, were measured. Material from the holotype and the isotype 
specimens from 2019 were included in the microscopic measurements 
along with material from 2020 and material from earlier samplings 

between 1993 and 2005 (Eilenberg and Jensen, 2018). In total, the 
length and width of 400 spores (100 from each of the four spore types) 
originating from 30 infected B. fugax were measured. The mean, 95% 
confidence interval and range are provided for length, width and length/ 
width ratios for each of the four spore types. 

DNA analysis: Fungus material from four Strongwellsea infected 
B. fugax from two different localities (Slangerup and Hundested) were 
subjected to ITS2 analysis. In Eilenberg and Jensen (2018) the complete 
methodology from DNA extraction, PCR, and sequencing and analysis is 
described, so below we solely describe selected parts: The DNA was 
extracted from Strongwellsea-infected fly abdomens using ammonium 
hydroxide (NH4OH) as in Jensen et al. (2008). The PCR was performed 
as described in Eilenberg and Jensen (2018), using the two Strongwellsea 
specific primers ITS II Str 1-F (5′- GAATTGCAAATCCAGTGAATC-3′) and 
ITS II Str 1-R (5′-AGCGGGTAGCCTTGCTTATTT-3′). The PCR products 
were sequenced by Eurofins MWG. Alignment and sequence analyses 
were conducted in MEGA 4.0 (Tamura et al., 2007). 

3. Results 

The morphology of the four spore types (primary conidia, subglobose 
type secondary conidia, ellipsoid type secondary conidia, and resting 
spores) exhibited differences from the currently described species from 
the genus and supported that the Strongwellsea species infecting B. fugax 
is a new species. All four isolates of Strongwellsea from B. fugax had 
identical ITS2 sequences and were distinct with one or more base pair 
differences from all other sequenced specimens of Strongwellsea, 
including S. castrans (Fig. 1 in Eilenberg and Jensen, 2018). 

Strongwellsea crypta Eilenberg & Humber, sp. nov. Figs. 1–25 
Index Fungorum Registration # IF 558490 
Infected host adults of Botanophila fugax (Diptera: Anthomyiidae) 

develop one hole in the ventral abdomen (Fig. 1). The holes are at first 
oval but rapidly expand in size and change shape to become irregular 
(Fig. 2), then edgy and in some cases almost rhomboid (Figs. 3 and 4). In 
the rare cases of two holes, they appear on each side of the ventral 
abdomen (Fig. 5) resulting from separate hymenia. In the final stage of 
infection, the holes can be almost blocked by discharged conidia sticking 
to hairs (Fig. 6). From the hymenium inside the hole, primary conidia 
are discharged from the living fly over a couple of days only and 
continuously for a couple of hours after the host’s death. Infected hosts 
may, instead of developing a hole, die with resting spores in the 
abdomen (Fig. 7). In these cases, the abdomen appears dark reddish and 
has an uneven cuticular surface due to the presence of a mass of resting 
spores just below the cuticle (Fig. 8). The abdomen is fragile, and the 
pleuron gradually breaks apart and exposes the bright orange resting 
spores (Fig. 9). 

Primary conidia are obovoid with almost parallel sides on the middle 
parts, uninucleate, bitunicate, with a lightly textured surface and a 
broad base (Figs. 10 and 13). Mean length is 34.1 ± 0.53 µm (range 
28.3–40.1 µm); mean width is 18.9 ± 0.41 µm (range 13.8–23.3 µm); 
length/width ratio is 1.81 ± 0.03 (range 1.51–2.15). Nuclei in conidia 
are almost spherical (Fig. 14), mean diameter 9.1 ± 0.3 µm (range 7.5 
and 10.5 µm), but become more irregular to reflect available cyto-
plasmic volumes. Primary conidia can form two types of uninucleate, 
actively discharged secondary conidia from lateral conidiophores. Sub-
globose type secondary conidia form on very short conidiophores 
(Figs. 15 and 16), have a smooth surface and flattened basal papilla 
(Figs. 17 and 18); mean length is 19.8 µm ± 0.24 µm (range 16.8–22.6 
µm); mean width is 15.5 µm ± 0.24 µm (range 12.5–17.8 µm); length/ 
width ratio is 1.28 ± 0.01 (range 1.09–1.52); nuclei are irregular, 
ellipsoid (Fig. 19). Ellipsoid type secondary conidia form on co-
nidiophores that are longer than those formed on subglobose type sec-
ondary conidia; Ellipsoid type secondary conidia have lightly textured 
surface, and the basal papilla sharply pointed (Fig. 20); mean length is 
25.5 ± 0.28 µm (range 22.3–31.6 µm); mean width is 17.4 ± 0.20 µm 
(range 14.9–19.8 µm); length/width ratio is 1.47 ± 0.01 (range 
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1.26–1.67); nuclei are ellipsoid or irregular (Fig. 21). Resting spores are 
spherical to subspherical (Figs. 22 and 23), shiny orange color (Fig. 9), 
and covered by an epispore with prominent spines (Figs. 23 and 24); 
mean length including epispore is 49.6 ± 1.12 µm (range 36.1–64.3 µm); 
mean width 48.4 µm ± 1.09 µm (range 35.8–63.3 µm); length/width 
ratio 1.02 ± 0.004 (range 1.00–1.08). Resting spores contain between 6 

and 17 ellipsoid to spherical nuclei (Fig. 25). 
HOLOTYPE: C-F-140681, The Natural History Museum, University of 

Copenhagen, Denmark. Infected host, Botanophila fugax, sampled 
October 7, 2019, on type locality Vester Strand, Jægerspris, Denmark 
(55.8533045◦N, 11.9647856◦E). The infected host is stored in alcohol, 
and slides with discharged conidia are kept dry and unstained. 

Figs. 1–6. Strongwellsea crypta, infected 
hosts Botanophila fugax, conidial stage. 1) 
Specimen in early stage of infection. 
Abdominal hole in ventral abdomen almost 
ellipsoid. 2) Abdominal hole has started to 
expand and become irregular. 3) Abdominal 
hole has become edgy and almost rhomboid 
in shape. 4) Abdominal hole has become 
edgy, primary conidia have started to 
become blocked by primary conidia sticking 
to hairs. 5) Two abdominal holes have 
developed, one on each side of ventral side of 
abdomen. 6) Final stage of infection, 
abdominal hole is almost blocked by primary 
conidia sticking to hairs.   

Figs. 7–9. Strongwellsea crypta, infected hosts Botanophila fugax, resting spore stage. 7) Infected host has died and is filled with resting spores. 8) The abdomen 
of the dead host is filled with resting spores and it has an uneven cuticle surface. 9) Bright orange resting spores from inside the abdomen of an infected host. 
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ISOTYPES: The Natural History Museum, University of Copenhagen, 
Denmark. Infected hosts, Botanophila fugax, sampled October 2–28, 
2019, on type locality; C-F-140682 through C-F-140693, infected hosts 
and conidia stored in alcohol and conidia discharged onto slides; C-F- 
140694 through C-F-140698, infected hosts with resting spores (stored 
dry). 

GenBank accession numbers (for ITS2): MH703591, MH703592, 

MH703593, MH703594 (Eilenberg and Jensen, 2018). 
Etymology: Greek, kryptós (hidden; also referring to cavity or 

depression), here referring to the very large abdominal holes (relative to 
the body size of the flies) which quickly become edgy and have almost a 
rhomboid shape, thus creating a cave-like inclusion. 

Distribution and seasonality: Infected flies collected July to October at 
various localities in North Zeeland, Denmark. One infected B. fugax was 

Figs. 10–25. Conidia (primary and secondary) and resting spores of Strongwellsea crypta. 10 and 11) Primary conidia, detached outer cell wall only attached to 
the apex. 12 and 13) Primary conidia, detached outer cell wall attached to conidium except at base. 14) Primary conidium, nucleus staining. 15) Primary conidium 
forming a subglobose secondary conidium. 16) Primary conidium forming a subglobose secondary conidium, nucleus staining. 17) Subglobose secondary conidium, 
the base is flattened. 18) Subglobose secondary conidium, on host wing. 19) Subglobose secondary conidia, nuclei staining. 20) Ellipsoid secondary conidium, the 
base is sharply pointed. 21) Ellipsoid secondary conidium, nucleus staining. 22–24) Resting spores with spiny epispores. 25) Resting spore, nuclei staining. Light 
sources: Interference figs. 10, 12, 15, 17, 18, 20, 23, 24. Phase contrast figs. 11 and 13. Transmitted light figs. 14, 16, 19, 21, 25. Scale bar for figs. 10–25 on fig. 22. 
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found in Switzerland by Siegfried Keller, but it was not possible to check 
the conidial morphology. 

Similar species: The only other described Strongwellsea species from 
Anthomyiidae is S. castrans. The length of primary conidia of S. castrans 
from type host Delia platura were on average 23.0 µm (between 20.0 and 
24.0 µm), when measured in embedded and sectioned material (Batko 
and Weiser, 1965). The mean length of primary conidia of S. castrans 
proved to be 28.9 ± 0.48 µm, when we measured primary conidia from 
D. platura sampled in Denmark 2019 and 2020, stained on glass slides 
the same way as conidia from S. crypta, shorter than primary conidia of 
S. crypta. The difference in length between primary conidia of S. crypta 
and S. castrans was highly significant, P < 0.0001. Resting spore 
morphology of S. crypta cannot so far be compared with resting spores of 
S. castrans from the type host D. platura, since they have never been 
described. Additionally, Strongwellsea crypta clustered separated from 
S. castrans when sequencing ITS2 (Eilenberg and Jensen, 2018). 

4. Discussion 

Strongwellsea crypta differed from the five described species of 
Strongwellsea, including S. castrans, with respect to (1) pathobiology as 
revealed by natural host; (2) size and shape of primary conidia; and (3) 
genotype as revealed by their differing ITS2 sequences (Batko and 
Weiser, 1965, Eilenberg and Michelsen, 1999, Eilenberg and Jensen, 
2018) Therefore, the justification of the new species is strong. While it is 
a generic character of Strongwellsea that one or two circular or oval 
abdominal holes develop in the ventral side of the abdomen, the rela-
tively large, edgy, irregular and sometimes almost rhomboidal holes 
present in late infections caused by S. crypta are unlike the holes in the 
other species of Strongwellsea. One main reason for this development can 
be the relatively soft ventral cuticle in B. fugax versus the stronger 
cuticle in for example the muscoid fly Coenosia tigrina, where the holes in 
specimens infected with S. tigrinae more or less maintained their oval 
shape (Eilenberg et al., 2020b). 

Since the host B. fugax is common and widely distributed, it would be 
interesting to learn whether that host is infected with this new fungus in, 
for example, North America, as appears to be the case with the inter-
continental distributions of S. castrans in some anthomyiid host species 
and S. magna in Fannia canicularis (Strong et al., 1960, Batko and Weiser, 
1965, Nair and McEwen 1973, Humber, 1976, Eilenberg and Michelsen, 
1999, Klingen et al., 2000). Likewise, it would be interesting to learn 
whether other species of Botanophila might be infected with this or any 
other Strongwellsea species. There is documentation of 15 natural host 
species for Strongwellsea infections in the species-rich dipteran family 
Anthomyiidae, (Eilenberg and Michelsen, 1999, Eilenberg 2002, Eilen-
berg unpubl.). Additional studies may prove which of the infections are 
actually caused by S. castrans or S. crypta and which might be due to 
some other undescribed species. 

Although no quantitative sampling for prevalence was done, it was 
our impression that S. crypta occasionally (for example, on the type lo-
cality in October 2019) was fairly common in populations of B. fugax. All 
85 infected specimens were females, and the absence of infected males is 
puzzling. There might be several explanations for this. First, it could be 
due to a sampling and observation bias. Females (infected or uninfected) 
could be more common on the sampled areas, and they may exhibit a 
behavior making them easier to catch. When sampled and observed in 
the net, a ventral Strongwellsea hole is easier to detect (in the field) on the 
conical female abdomen than beneath the flat, strap-like male abdomen. 
Second, infected males are thinner and present poorer nutritional 
sources for the fungus, and the infected males may survive for much 
shorter times than infected females – thus leading to the possibility that 
the population of infected males may at any time be much smaller than 
the population of infected females. Third, females may exhibit a 
behavior favoring transmission; for example, the oviposition sites may 
be a place for transmission if the concentration of infective conidia is 
higher on these places due to earlier visits by infected females. Probably 

all three suggested explanations contribute to an explanation of the 
documented absence of infected males in our samplings. 

The interaction between B. fugax and its parasite S. crypta is fasci-
nating. Little is known about the biology and ecology of S. crypta, and 
experimental studies to clarify, for example, the lethal time of infected 
flies, the behavior of infected flies, the germination of resting spores to 
produce infective conidia, and several other relevant traits would be 
welcomed. 
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