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Heterogeneity Confounds Establishment
of “a” Model Microbial Strain
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ABSTRACT Aspergillus fumigatus is a ubiquitous environmental mold and the lead-
ing cause of diverse human diseases ranging from allergenic bronchopulmonary
aspergillosis (ABPA) to invasive pulmonary aspergillosis (IPA). Experimental investiga-
tions of the biology and virulence of this opportunistic pathogen have historically
used a few type strains; however, it is increasingly observed with this fungus that
heterogeneity among isolates potentially confounds the use of these reference iso-
lates. lllustrating this point, Kowalski et al. (mBio 7:e01515-16, 2016, https://doi.org/
10.1128/mBio.01515-16) demonstrated that variation in 16 environmental and clini-
cal isolates of A. fumigatus correlated virulence with fitness in low oxygen, whereas
Fuller et al. (mBio 7:¢01517-16, 2016, https://doi.org/10.1128/mBi0.01517-16) showed
wide variation in light responses at a physiological and protein functionality level in
15 A. fumigatus isolates. In both studies, two commonly used type strains, Af293 and
CEA10, displayed significant differences in physiological responses to abiotic stimuli
and virulence in a murine model of IPA.

he genus Aspergillus, first described in 1729 by the Italian priest and biologist Pier

Antonio Micheli, consists of well over 300 species (1) and has a long and impactful
history of interaction with humans. Well-known members of this genus include the
genetic model A. nidulans, the industrial workhorses A. niger and A. terreus, the
mycotoxigenic plant pathogens A. flavus, A. parasiticus, and A. ochraceus, the food
fermenters A. oryzae and A. sojae, and the opportunistic human pathogen A. fumigatus.
Aspergillus fumigatus was coined as a distinct species by physician J. B. Georg W.
Fresenius in 1863 (2) and is recognized as the most common Aspergillus species to
infect humans. This saprophyte is a successful colonizer of decaying organic matter
in soils and detritus worldwide, producing an untold number of infectious spores in
nearly all milieus accessible to human habitats, including even the international
space station (3).

Clinical presentations of Aspergillus infection vary widely and often correlate with
states of altered patient immunity. For example, allergenic bronchopulmonary asper-
gillosis (ABPA) represents a heightened immune response to Aspergillus spores and
most commonly affects asthma, cystic fibrosis, and bronchiectasis patients (4). Chronic
pulmonary aspergillosis (CPA) occurs in otherwise immunologically healthy patients
and is frequently associated with the development of “fungal balls” known as asper-
gillomas, which can develop in preexisting cavities caused by other pulmonary ills
(http://www.aspergillus.org.uk/content/aspergilloma-0). The most severe disease, inva-
sive pulmonary aspergillosis (IPA), is characterized by abundant fungal growth beyond
the lung tissues and occurs most often in immunocompromised patients. The world-
wide frequency and profiles of patients at risk for IPA continues to expand, owing to
increased numbers of immunocompromised patients, including those afflicted with
HIV/AIDS, malignancy, leukemia, organ dysfunction, and immunosuppressive medical
treatments. Antifungal treatment is the only option for IPA patients, but fatality rates
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remain between 30 and 90% (5). Coupled with these grim statistics is the concern over
an increasing number of antifungal-resistant isolates (6).

Although A. fumigatus has long been recognized as the leading cause of IPA,
understanding the pathogenesis of this difficult-to-treat pathogen remained largely
unknown until the advent of its genome sequence (the first A. fumigatus strain was
sequenced in 2005 [7]), coupled with the development of enhanced molecular tools
allowing for ready deletion, mutation, or overexpression of A. fumigatus genes (8, 9).
Most advances have focused on two commonly researched isolates of A. fumigatus:
Af293 and CEA10 (or their derivatives) (http://aspergillusgenome.org/Strains.shtml). An
early comparison (2007) of the genomes of these two strains showed that while most
regions of the two genomes displayed high synteny, Af293 contained 208 and CEA10
(also called A1163) contained 320 unique genes not found in the assembled genome
of the other strain (10). At the time, this analysis did not explore more subtle differ-
ences, such as single-nucleotide polymorphisms (SNPs) or indels. Cruder techniques
had foreshadowed these findings (11, 12), and subsequent studies of genomes of
diverse A. fumigatus strains delved into SNP and indel analysis of specific loci, such as
cyp51A, associated with azole resistance (13). In addition, a comprehensive comparison
of deletions, insertions, multiple-nucleotide variations, replacements, and single-
nucleotide variations within 26 toxin gene clusters of two space station isolates, as well
as of Af293 and CEA10, was done (3). This comprehensive analysis identified 1,578
variations from Af293’s sequence in the two space station isolates and CEA10 and
corroborated previously published mutations that result in the loss of fumitremorgin
production in Af293 (14) and trypacidin production in CEA10 (15), and it identified
unique mutations in the space station isolates likely affecting toxin production.

These findings, coupled with the many reports of significant physiological differ-
ences in the levels of growth and virulence of A. fumigatus isolates support a view that
pathogen heterogeneity may underlie some of the disease variability reported in the
literature (16-18), including that noted by an initial study demonstrating differential
immunogenic responses to multiple A. fumigatus strains (including Af293 and CEA10)
(19). However, some studies have attributed experimentally observed differences in
pathogenicity to the host model and even professed that A. fumigatus infections may
be a product solely of host status and immune response (20). There is no doubt that
host immune status is critical in A. fumigatus pathogenesis, as illustrated in studies
using diverse animal models of invasive aspergillosis, such as Drosophila melanogaster
(21), Galleria mellonella (18), zebrafish (22), and mice (17). In zebrafish and murine
models, the methods used to generate immunosuppressed hosts demonstrate a clear
effect on pathogenic manifestation. A key example of the influence of host immunity
on disease outcome centers around five different studies assessing the virulence of
independent gliotoxin mutants, where four A. fumigatus strains (including Af293 and
the CEA10 derivative CEA17) and two murine regimes (neutropenic and nonneutro-
penic) were assessed (reviewed in reference 23). Regardless of fungal isolate, the
gliotoxin mutants were less virulent only in the nonneutropenic models, thus increas-
ing confidence in a gliotoxin-neutrophil interaction in IPA’s outcome.

However, most studies remain cloudy as to the relative contributions of the host and
the A. fumigatus strain. Kowalski et al. (24) tackle this conundrum head-on in addressing
the hypothesis that heterogeneity in A. fumigatus growth in low-oxygen environments
underlies virulence, dependent on host immune status. Building on prior data support-
ing A. fumigatus'’s ability to grow in hypoxic environments as a virulence determinant
(reviewed in reference 25), this study rigorously confirmed and expanded these earlier
findings by using multiple clinical and environmental strains of A. fumigatus. The
researchers demonstrate an enhanced hypoxic survival ability of CEA10 over Af293,
illustrated by a higher fitness ratio of biomass in hypoxia to biomass in normoxia (H/N
ratio) in CEA10. As their earlier research had also demonstrated increased hypoxic
regions in lungs of nonneutropenic mice versus those of neutropenic mice (26), the
authors speculated that CEA10 might show increased virulence over Af293 in a non-
neutropenic murine model but not in a neutropenic model. This was borne out in
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FIG 1 Aspergillus fumigatus thrives in numerous environmental niches. Spores from diverse environ-
ments are ubiquitous in the air that we breathe. Each A. fumigatus population adapts to unique habitats
in response to different abiotic and biotic stresses. These adaptations can drive heterogeneity in the
fungus and fungal isolates.

virulence studies. They next obtained an additional 14 strains of A. fumigatus and were
able to correlate a higher H/N ratio with increased virulence in the nonneutropenic
model. This work was elegantly topped off with an evolution test where Af293 was
passaged for 20 generations in increasing-hypoxia environments to generate EVOL20,
an evolved strain with a higher H/N fitness ratio than its parent’s, Af293, and virulence
attributes more similar to those of CEA10 and other high-H/N strains. In addition to
firmly linking low-oxygen attributes to virulence, this study provides strong evidence
that environmental pressures on a heterogenous population select A. fumigatus traits
that can have subsequent impacts on virulence.

Complementing the Kowalski et al. study, Fuller et al. analyzed the light responses
in 15 A. fumigatus isolates, again including the standards Af293 and CEA10 (27). Many
developmental programs are regulated by light in fungi and in the genus Aspergillus;
light-mediated pathways have been well established in the genetic model A. nidulans.
In this model species, light promotes asexual reproduction by inhibiting the activity of
a blue-light photoreceptor (LreA) while promoting the activity of the red-light photo-
receptor (FphA). Initial studies by this group indicated that this light-driven asexual
sporulation process was not conserved in A. fumigatus despite the presence of both
LreA and FphA orthologs in the genome (28). Instead, LreA drove the synthesis of
mycelial pigmentation, and FphA was required for germination and a cell wall homeo-
static response to light. These responses originally led the authors to conclude that
light served as a stress-signaling mechanism in A. fumigatus rather than having a
developmental role, as in A. nidulans. However, all of this work was derived from studies
of Af293. Considering the reported variation in different A. fumigatus strains, Fuller et
al. expanded their scope to delve into light response using 15 A. fumigatus isolates.
These 15 isolates fell largely into two light response groups: one where light drove
hyperpigmentation, as previously described for Af293, and a second one, which
included isolate CEA10, where asexual sporulation was induced by light, similar to the
behavior in A. nidulans. Interestingly, LreA was key for both behaviors, thus illustrating
a differential role for this blue-light receptor in distinct isolates of A. fumigatus. Unlike
in the Kowalski et al. study, heterogeneity in the light responses did not track with
virulence in the nonneutropenic model, nor was it associated with the presence of LreA.

Both studies serve to demonstrate that care must be taken in drawing conclusions
on organismal developmental processes or symbioses (parasitic or otherwise) from use
of a single genetic background. This point may be particularly true for opportunistic
pathogens like A. fumigatus, which flourish in a variety of environments, each with its
own unique microbiome. The heterogeneity of any A. fumigatus isolate likely reflects
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adaptations to the biotic and abiotic pressures of that particular environment (Fig. 1).
The most advantageous traits for surviving in a particular niche, e.g., temperature
tolerance, toxin production, UV resistance, enzymatic repertoire, hypoxia, etc., differ
and may significantly impact the virulence of A. fumigatus strains originating from such
environments. This raises the question of whether pathogens adapted to and largely
found only on humans (e.g., Candida spp.), in contrast to such environmentally adapt-
able pathogens as A. fumigatus, exhibit less heterogeneity and, consequently, less
plasticity in virulence. Regardless of this possibility, certainly a dialogue on this conun-
drum of which and how many A. fumigatus strains should be assessed in research
efforts is ripe for discussion.

REFERENCES

1

10.

11.

12.

13.

14.

January/February 2017 Volume 8

. Samson RA, Visagie CM, Houbraken J, Hong SB, Hubka V, Klaassen CH,

Perrone G, Seifert KA, Susca A, Tanney JB, Varga J, Kocsubé S, Szigeti G,
Yaguchi T, Frisvad JC. 2014. Phylogeny, identification and nomenclature
of the genus Aspergillus. Stud Mycol 78:141-173. https://doi.org/
10.1016/j.simyco0.2014.07.004.

. Schmidt A, Schmidt DI. 1999. J. B. Georg W. Fresenius and the descrip-

tion of the species Aspergillus fumigatus in 1863. Contrib Microbiol
2:1-4.

. Knox BP, Blachowicz A, Palmer JM, Romsdahl J, Huttenlocher A, Wang CC,

Keller NP, Venkateswaran K. 2016. Characterization of Aspergillus fumigatus
isolates from air and surfaces of the international space station. mSphere
1:00227-16. https://doi.org/10.1128/mSphere.00227-16.

. Agarwal R, Chakrabarti A, Shah A, Gupta D, Meis JF, Guleria R, Moss R,

Denning DW, ABPA Complicating Asthma ISHAM Working Group. 2013.
Allergic bronchopulmonary aspergillosis: review of literature and pro-
posal of new diagnostic and classification criteria. Clin Exp Allergy
43:850-873. https://doi.org/10.1111/cea.12141.

. Kousha M, Tadi R, Soubani AO. 2011. Pulmonary aspergillosis: a clinical

review. Eur Respir Rev 20:156-174. https://doi.org/10.1183/09059180
.00001011.

. Verweij PE, Chowdhary A, Melchers WJ, Meis JF. 2016. Azole resistance in

Aspergillus fumigatus: can we retain the clinical use of mold-active
antifungal azoles? Clin Infect Dis 62:362-368. https://doi.org/10.1093/
cid/civ885.

. Nierman WC, Pain A, Anderson MJ, Wortman JR, Kim HS, Arroyo J,

Berriman M, Abe K, Archer DB, Bermejo C, Bennett J, Bowyer P, Chen D,
Collins M, Coulsen R, Davies R, Dyer PS, Farman M, Fedorova N, Fedorova
N, Feldblyum TV, Fischer R, Fosker N, Fraser A, Garcia JL, Garcia MJ, Goble
A, Goldman GH, Gomi K, Griffith-Jones S, Gwilliam R, Haas B, Haas H,
Harris D, Horiuchi H, Huang J, Humphray S, Jiménez J, Keller N, Khouri H,
et al. 2005. Genomic sequence of the pathogenic and allergenic fila-
mentous fungus Aspergillus fumigatus. Nature 438:1151-1156. https://
doi.org/10.1038/nature04332.

. Krappmann S, Sasse C, Braus GH. 2006. Gene targeting in Aspergillus

fumigatus by homologous recombination is facilitated in a nonhomol-
ogous end- joining-deficient genetic background. Eukaryot Cell
5:212-215. https://doi.org/10.1128/EC.5.1.212-215.2006.

. Zhang C, Meng X, Wei X, Lu L. 2016. Highly efficient CRISPR mutagenesis

by microhomology-mediated end joining in Aspergillus fumigatus. Fun-
gal Genet Biol 86:47-57. https://doi.org/10.1016/j.fgb.2015.12.007.
Rokas A, Payne G, Fedorova ND, Baker SE, Machida M, Yu J, Georgianna
DR, Dean RA, Bhatnagar D, Cleveland TE, Wortman JR, Maiti R, Joardar V,
Amedeo P, Denning DW, Nierman WC. 2007. What can comparative
genomics tell us about species concepts in the genus Aspergillus? Stud
Mycol 59:11-17. https://doi.org/10.3114/5im.2007.59.02.

Debeaupuis JP, Sarfati J, Chazalet V, Latgé JP. 1997. Genetic diversity
among clinical and environmental isolates of Aspergillus fumigatus. In-
fect Immun 65:3080-3085.

Rinyu E, Varga J, Ferenczy L. 1995. Phenotypic and genotypic analysis of
variability in Aspergillus fumigatus. J Clin Microbiol 33:2567-2575.
Abdolrasouli A, Rhodes J, Beale MA, Hagen F, Rogers TR, Chowdhary A,
Meis JF, Armstrong-James D, Fisher MC. 2015. Genomic context of azole
resistance mutations in Aspergillus fumigatus determined using whole-
genome sequencing. mBio 6:00536-15. https://doi.org/10.1128/mBio
.00536-15.

Kato N, Suzuki H, Okumura H, Takahashi S, Osada H. 2013. A point

Issue 1 e00135-17

20.

21.

22.

23.

24,

25.

26.

27.

28.

mutation in ftmD blocks the fumitremorgin biosynthetic pathway in
Aspergillus fumigatus strain Af293. Biosci Biotechnol Biochem 77:
1061-1067. https://doi.org/10.1271/bbb.130026.

. Throckmorton K, Lim FY, Kontoyiannis DP, Zheng W, Keller NP. 2016.

Redundant synthesis of a conidial polyketide by two distinct secondary
metabolite clusters in Aspergillus fumigatus. Environ Microbiol 18:
246-259. https://doi.org/10.1111/1462-2920.13007.

. Mondon P, Thélu J, Lebeau B, Ambroise-Thomas P, Grillot R. 1995.

Virulence of Aspergillus fumigatus strains investigated by random ampli-
fied polymorphic DNA analysis. J] Med Microbiol 42:299-303. https://
doi.org/10.1099/00222615-42-4-299.

. Mondon P, De Champs C, Donadille A, Ambroise-Thomas P, Grillot R.

1996. Variation in virulence of Aspergillus fumigatus strains in a murine
model of invasive pulmonary aspergillosis. J Med Microbiol 45:186-191.
https://doi.org/10.1099/00222615-45-3-186.

. Alshareef F, Robson GD. 2014. Genetic and virulence variation in an

environmental population of the opportunistic pathogen Aspergil-
lus fumigatus. Microbiology 160:742-751. https://doi.org/10.1099/mic
.0.072520-0.

. Rizzetto L, Giovannini G, Bromley M, Bowyer P, Romani L, Cavalieri D.

2013. Strain dependent variation of immune responses to A. fumigatus:
definition of pathogenic species. PLoS One 8:e56651. https://doi.org/
10.1371/journal.pone.0056651.

Tekaia F, Latgé JP. 2005. Aspergillus fumigatus: saprophyte or pathogen?
Curr Opin Microbiol 8:385-392. https://doi.org/10.1016/j.mib.2005
.06.017.

Ben-Ami R, Lamaris GA, Lewis RE, Kontoyiannis DP. 2010. Interstrain
variability in the virulence of Aspergillus fumigatus and Aspergillus terreus
in a Toll-deficient Drosophila fly model of invasive aspergillosis. Med
Mycol 48:310-317. https://doi.org/10.1080/13693780903148346.

Knox BP, Deng Q, Rood M, Eickhoff JC, Keller NP, Huttenlocher A. 2014.
Distinct innate immune phagocyte responses to Aspergillus fumigatus
conidia and hyphae in zebrafish larvae. Eukaryot Cell 13:1266-1277.
https://doi.org/10.1128/EC.00080-14.

Dagenais TR, Keller NP. 2009. Pathogenesis of Aspergillus fumigatus in
invasive aspergillosis. Clin Microbiol Rev 22:447-465. https://doi.org/
10.1128/CMR.00055-08.

Kowalski CH, Beattie SR, Fuller KK, McGurk EA, Tang YW, Hohl TM, Obar
JJ, Cramer RA, Jr. 2016. Heterogeneity among isolates reveals that fitness
in low oxygen correlates with Aspergillus fumigatus virulence. mBio
7:e01515-16. https://doi.org/10.1128/mBio.01515-16.

Grahl N, Shepardson KM, Chung D, Cramer RA. 2012. Hypoxia and fungal
pathogenesis: to air or not to air? Eukaryot Cell 11:560-570. https://
doi.org/10.1128/EC.00031-12.

Grahl N, Puttikamonkul S, Macdonald JM, Gamcsik MP, Ngo LY, Hohl TM,
Cramer RA. 2011. In vivo hypoxia and a fungal alcohol dehydrogenase
influence the pathogenesis of invasive pulmonary aspergillosis. PLoS
Pathog 7:¢1002145. https://doi.org/10.1371/journal.ppat.1002145.
Fuller KK, Cramer RA, Zegans ME, Dunlap JC, Loros JJ. 2016. Aspergillus
fumigatus photobiology illuminates the marked heterogeneity between
isolates. mBio 7:¢01517-16. https://doi.org/10.1128/mBio.01517-16.
Fuller KK, Ringelberg CS, Loros JJ, Dunlap JC. 2013. The fungal pathogen
Aspergillus fumigatus regulates growth, metabolism, and stress resis-
tance in response to light. mBio 4:e00142-13. https://doi.org/10.1128/
mBio0.00142-13.

mbio.asm.org 4


https://doi.org/10.1016/j.simyco.2014.07.004
https://doi.org/10.1016/j.simyco.2014.07.004
https://doi.org/10.1128/mSphere.00227-16
https://doi.org/10.1111/cea.12141
https://doi.org/10.1183/09059180.00001011
https://doi.org/10.1183/09059180.00001011
https://doi.org/10.1093/cid/civ885
https://doi.org/10.1093/cid/civ885
https://doi.org/10.1038/nature04332
https://doi.org/10.1038/nature04332
https://doi.org/10.1128/EC.5.1.212-215.2006
https://doi.org/10.1016/j.fgb.2015.12.007
https://doi.org/10.3114/sim.2007.59.02
https://doi.org/10.1128/mBio.00536-15
https://doi.org/10.1128/mBio.00536-15
https://doi.org/10.1271/bbb.130026
https://doi.org/10.1111/1462-2920.13007
https://doi.org/10.1099/00222615-42-4-299
https://doi.org/10.1099/00222615-42-4-299
https://doi.org/10.1099/00222615-45-3-186
https://doi.org/10.1099/mic.0.072520-0
https://doi.org/10.1099/mic.0.072520-0
https://doi.org/10.1371/journal.pone.0056651
https://doi.org/10.1371/journal.pone.0056651
https://doi.org/10.1016/j.mib.2005.06.017
https://doi.org/10.1016/j.mib.2005.06.017
https://doi.org/10.1080/13693780903148346
https://doi.org/10.1128/EC.00080-14
https://doi.org/10.1128/CMR.00055-08
https://doi.org/10.1128/CMR.00055-08
https://doi.org/10.1128/mBio.01515-16
https://doi.org/10.1128/EC.00031-12
https://doi.org/10.1128/EC.00031-12
https://doi.org/10.1371/journal.ppat.1002145
https://doi.org/10.1128/mBio.01517-16
https://doi.org/10.1128/mBio.00142-13
https://doi.org/10.1128/mBio.00142-13
http://mbio.asm.org

	REFERENCES

