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Fluorescent tag Sporothrix brasiliensis: a tool for host-pathogen interaction studies 

Abstract 

Sporotrichosis is considered an emerging health problem, being the world's most prevalent subcutaneous 

mycosis, occurring on mammal hosts, which facilitates zoonotic transmission. Agrobacterium 

tumefaciens-mediated transformation (ATMT) is a broadly technique used for both plants and fungus 

transformation. Here, we report the establishing of an ATMT system for S. brasiliensis, considering 

different strains of A. tumefaciens and S. brasiliensis and several conditions of co-cultivation. Our results 

point to 72h of co-cultivation at 26°C, the AGL-1 bacterial strain, and the 2:1 ratio (bacteria:fungi) as 

ideal conditions for a high number of transformants. In these conditions, we obtained 3179 ± 1171 

mutants/co-cultivation. PCR analysis showed that all Hygromycin B resistant clones tested harboured a 

copy of the HPH gene. FACS analysis showed high mitotic stability of the GFP gene in pGAPDH::GFP 

mutants. The S. brasiliensis pGAPDH::GFP and pGAPDH::H2A::GFP strains were respectively used to 

evaluate the phagocytosis index and fungicidal activity,. pGAPDH::GFP cytoplasm expression of GFP 

allowed a strong fluorescence visualization inside monocytes/macrophages in both microscopic and 

FACS analysis. The phagocytosis index was 64.25 ± 9.96% at the MOI of one peripheral blood 

mononuclear cell (PBMC) to five pGAPDH::GFP yeast cells, with two hours of infection. The 

pGAPDH::H2A::GFP S. brasiliensis strain failed to provide a correlation between loss of fungal viability or 

fungal death and loss of GFP fluorescence in all fungicidal experiments performed. Furthermore, its GFP 

fluorescence was not visible upon monocytes/macrophages engulfment in both microscopic and FACS 

analysis. Our results showed, firstly, an efficient genetic toolbox to create large-scale transformant libraries 

for S. brasiliensis, and secondly, the possibility to use the pGAPDH::GFP strain in phagocytosis assays 

without fluorophore stain prior to infection. Together, these results can help provide new insights to better 

understand the host-pathogen interactions and virulence mechanism for the Sporothrix spp..  

 

Keywords: ATMT, fluorescent tag strains, sporotrichosis, Sporothrix brasiliensis. 
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Marcadores fluorescentes em Sporothrix brasiliensis: uma ferramenta para estudos de interação entre 

hospedeiro e patógeno  

Resumo 

A esporotricose é um problema de saúde emergente e a micose subcutânea mais prevalente no mundo. 

Esta doença ocorre em hospedeiros mamíferos, o que facilita a sua transmissão zoonótica. A 

transformação mediada por Agrobacterium tumefaciens (ATMT) é uma técnica amplamente utilizada 

para a transformação de plantas e fungos. No presente trabalho, estabelecemos um sistema de ATMT 

para S. brasiliensis, considerando diferentes estirpes de A. tumefaciens e S. brasiliensis, bem como 

várias condições de co-cultivo. Os nossos resultados apontam para 72h de co-cultivo a 26°C, a estirpe 

bacteriana AGL-1 e o rácio de 2:1 (bactérias:fungos) como condições ideais para a obtenção de um 

elevado número de transformantes. Nestas condições, obtivemos 3179 ± 1171 transformantes/co-

cultivo. A análise de RT-PCR demostrou a presença de uma cópia do gene HPH. A análise de FACS 

mostrou alta estabilidade mitótica do gene GFP dos isolados da estirpe pGAPDH::GFP. Os mutantes 

pGAPDH::GFP e pGAPDH::H2A::GFP de S. brasiliensis foram respetivamente usados para calcular o 

índice de fagocitose e a atividade fungicida. A expressão citoplasmática de GFP da estirpe de 

pGAPDH::GFP permitiu uma forte visualização de fluorescência dentro dos monócitos/macrófagos em 

análises de microscópica e FACS. Relativamente aos mutantes pGAPDH::H2A::GFP S. brasiliensis não 

foi possível obter uma correlação entre a perda de viabilidade fúngica ou morte fúngica e a perda de 

fluorescência GFP em todos as experiências realizadas no que diz respeito à avaliação da capacidade 

fungicida dos monócitos/macrófagos. Para além disso, não foi possível detetar a sua fluorescência GFP 

após ter sido fagocitado pelos monócitos/macrófagos em análises de microscópica e FACS. Em primeiro 

lugar, este trabalho permitiu a criação de uma ferramenta genética eficiente para construir bibliotecas 

de transformantes em larga escala para S. brasiliensis. Em segundo lugar, os nossos resultados 

demostraram que o mutante pGAPDH::GFP pode ser usado em ensaios de fagocitose sem a necessidade 

de coloração com fluoróforo antes da infeção. Em soma, os nossos resultados podem ajudar a entender 

melhor as interações hospedeiro-patógeno e o mecanismo de virulência da Sporothrix spp.. 

 

Palavras-chaves: ATMT, esporotricose, marcadores fluorescentes, Sporothrix brasiliensis. 
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Sporotrichosis is the most prevalent subcutaneous mycosis worldwide and has become a public 

health concern that will likely worsen in the future (1). It is an acute or chronic granulomatous mycosis 

with wide geographic distribution, whose incidence and etiological agent vary according to geographic 

region, mostly based on case report observations (2). The etiologic agents of this disease are fungi often 

present in the pathogenic clade of the Sporothrix genus, but some cases can be caused by the 

environmental clade, associated with the sapronoses form of sporotrichosis (1,3). Among the Sporothrix 

genus, S. brasiliensis is reported to be the most virulent, exhibiting the worst clinical manifestations (4,5). 

Although sporotrichosis etiological agents have a susceptible response profile to antifungal drugs, several 

reports of drug resistance have already been recently reported (6,7). Nowadays Rio de Janeiro state in 

Brazil is the greatest feline zoonotic transmission epicentre, with more than 4,000 human and 4,000 

feline diagnosed cases (8). Similar epidemics are also occurring in São Paulo and Rio Grande do Sul 

states, with a high prevalence of S. brasiliensis infections (5). Cats play an important role in the S. 

brasiliensis infection, due to their susceptibility to sporotrichosis and highly transmissibility to both felines 

and humans (9,10). Despite the increasing incidence of sporotrichosis, it is unclear which virulence traits 

are involved in the establishment, development, and severity of this disease. 

1.1. Sporothrix-schenckii complex and sporotrichosis 

Sporotrichosis was firstly reported in 1898 by the medical student Benjamin Schenck (11), and 

nowadays is the world's most prevalent and dispersed subcutaneous mycosis (12), being able to affect 

both immunodeficient (13) and immunocompetent hosts (14). Although inhalation of conidia can be a 

source of infection, humans are usually infected when the fungi reach subcutaneous tissue through a 

skin trauma, either by contaminated plant material or through the bites or scratches of cats with 

sporotrichosis (6). It is a subacute or chronic infection, which promotes a skin lesion at the inoculation 

site, resulting in an ulcerated nodule. Through the lymphatic system, the infection eventually spreads to 

other host organs, causing a more severe and disseminated version of the disease (15). 

The sporotrichosis etiological agents belong to the Sporothrix schenckii complex (12), 

characterized by several ascomycetous thermally dimorphic fungi from the genus Sporothrix inside the 

Ophiostomatales order (16). As illustrated in Figure 1, they grow as cigar-shaped yeast-like cells at 37◦C 

or while infecting mammals and grow as sessile dematiaceous conidia along with hyaline sympodial 

conidia in its filamentous form at 25◦C or in the environment in substrates like living and decaying 

vegetation, animal excreta, and soil (2,5). Even though organisms that are part of the Ophiostomatales 
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order are normally associated with a plant or insect lifestyle, the Sporothrix genus exhibits pathogenicity 

to mammals. The mechanisms responsible for this are still poorly described (5). 

These fungi are abundant in soil, wood, and moss, reaching mammals through skin lesion 

inoculation, a situation common to gardeners and farmers (12,17). After traumatic inoculation, the fungi 

transition to the parasitic yeast form. How efficient this morphological transition occurs and consequently 

the fungi pathogenicity varies accordingly to the Sporothrix species (5,17,18). 

 

 

 

 

 

(A) 

 

 

 

 

 

(B) 

 

Figure 1. Thermal dimorphism morphology schematization and microscopic 

demonstration of Sporothrix brasiliensis. (A) Saprophytic morphology schematization and 

microscopic image. The scale bar equals 10μm. During the saprophytic (25-30°C) phase of Sporothrix, 

it develops septate hyaline hyphae with erect conidiophores. Two types of conidia are produced: the 

primary or sympodial conidia, with a hyaline thin wall, or the secondary or sessile conidia, with a thick 

wall of dark brown colour. (B) Parasitic morphology schematization and microscopic image. The scale 

bar equals 10μm. During the pathogenic/parasitic phase (35–37°C), morphology is characterized by 

oval or spherical yeasts (2–6µm), sometimes elongated in a cigar shape. Image adapted from 

Rodrigues et al., 2020. 
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Although sporotrichosis had been for an entire century exclusively attributed to the single species, 

Sporothrix schenckii, the development of advanced phylogenetic molecular techniques over the last 

decade allowed to address the role of other species such as S. brasiliensis, S. globosa, and S. luriei, S. 

mexicana, S. pallida and S. schenckii stricto sensu. This revolution highlighted significant differences in 

morphological, physiological, genetic, epidemiological, virulence traits and antifungal susceptibility among 

pathogenic Sporothrix spp (4,7,18–23). It elucidated that few of these Sporothrix species are successful 

mammal pathogens and therefore clinically relevant, such as S. schenckii, S. brasiliensis, S. globosa, and 

S. luriei (6,17,24). 

Since a species complex is defined as a monophyletic clade of species with equivalent clinical 

relevance, the S. schenckii complex term has been classified as no longer appropriate. There is currently 

a suggestion to adopt the terms ‘‘clinical clade’’ or ‘‘pathogenic clade’’ to refer to S. brasiliensis, S. 

schenckii, S. globosa and S. luriei, species often isolated from human and animal cases, while the 

remaining Sporothrix species would be nested in an ‘‘environmental clade,’’ due to their often association 

with the sapronoses form of sporotrichosis (1,3). 

Sporothrix spp. is strongly present in the genus Ophiostoma. Despite the members from this 

order are primarily associated with Protea or plant pathogens, Sporothrix spp. have never been observed 

as plant pathogens (25). They grow abundantly on dead wood, being omnipresent in the environment in 

dead wood, mosses, cornstalks, soil, and hay, and require a temperature of 22◦C–27◦C, 90% humidity, 

soil rich in cellulose and with a pH between 3.5 and 9.4 (25,26). Sporotrichosis is widely prevalent in 

warm-blooded animals and several mammals are prone to infection, such as humans, dogs, cats, rats, 

mice, chimpanzees, parrots, fishes, and dolphins (25,27). This large spectrum of hosts facilitates animal 

horizontal and zoonotic transmission of sporotrichosis (27). The route of infection varies with Sporothrix 

species. As illustrated in Figure 2, the species within Sporothrix environmental clade are generally 

associated with an environmental route of transmission, while the pathogenic clade, especially the S. 

brasiliensis species, is normally transmitted between infected animals where dissemination to humans 

can happen (1,5).  

The human disease has a broad range of clinical manifestations and can be classified into fixed 

cutaneous, lymphocutaneous, disseminated cutaneous, and extracutaneous sporotrichosis (28). Cats are 

relevant zoonotic transmitters of sporotrichosis in Brazil and usually may present three clinical forms 

upon infection: cutaneous, lymphocutaneous, and disseminated (9). The cutaneous form is the most 

common, and ulcers are the main clinical signs observed (8). However, respiratory, ophthalmic, 

osteoarticular and central nervous system sporotrichosis infection and hypersensitivity reactions have 
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also been reported (12,27). Although in humans host immunodeficiency is often associated with the worst 

clinical presentations (12), such correlation has not been proven in felines yet (29,30). 

 

 

Figure 2. Transmission routes in human and animal sporotrichosis. The purple route (animal 

horizontal transmission) illustrates S. brasiliensis association with large epizooties during animal 

horizontal transmission. Although less frequent, the same route applies to S. schenckii. The zoonoses 

route (red) represents sporotrichosis which can be transmitted to humans via animal deep scratching 

and biting, especially from infected cats. Lastly, the green route (sapronoses) is associated with S. 

schenckii and S. globosa infections. The probability of involvement (high, medium, or low) is proportional 

to the size of the species’ circumference in each transmission route. Image from Rodrigues et al., 2016. 

1.2. Sporotrichosis epidemiological aspects 

Although human sporotrichosis is generally responsive to standardized antifungal strategies, this 

disease is now considered an emerging health problem (8). Since sporotrichosis is not a reportable 
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disease, its exact prevalence is unknown (25), whereas the incidence is mostly based on case report 

documentation (2). As illustrated in Figure 3 and 4, this mycosis has wide geographic distribution and 

the etiological agent and disease burden vary from country to country and geographic region (2). It is 

estimated that in most regions of the world, more than 80% of cases are caused by a predominant species 

(1). In Asia, S. globosa counts for 99,3% of sporotrichosis cases and is a common subcutaneous infection 

in Japan, China, India, and Malaysia (1). In Australia and South Africa, it is estimated that S. schenckii 

has a predominance of 94%, while in south-eastern South America, S. brasiliensis is the etiological agent 

in 88% of cases. The case reports from sporotrichosis in humans in Africa still refer to sapronotic 

transmission, with some sporadic cases of infection in animals, despite the HIV/AIDS epidemic (1,31). 

Lastly, in western South America, Central and North America S. schenckii is the most predominant (89%), 

while S. luriei and S. mexicana are restricted to Africa and Mexico, respectively. (10,12,25,28). The 

disease is less prevalent in Europe, except for the unique outbreak that occurred in France, at the 

beginning of the nineteenth century (10,32). 

 

Figure 3. Recent global distribution of the species from the pathogenic (S. brasiliensis, 

S. schenckii and S. globosa) and the environmental clade of the Sporothrix species. S 

schenckii has almost worldwide distribution, while S. brasiliensis is restricted to the South and 

Southeast of Brazil. S. globosa is found less frequently in the Americas and Europe but is an emerging 

species in Asia. Sporotrichosis caused by the environmental clade is less frequent and spread 

worldwide. Image adapted from Rodrigues et al., 2020. 
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Figure 4. Distribution and relative burden of sporotrichosis in the world. Image from 

Chakrabarti et al., 2015. 

Sporotrichosis is currently a hyperendemic disease in regions of countries like China, Mexico, 

Brazil, Peru, Venezuela, Colombia, and South Africa (1,10,12,27). For decades until the mid-1990s, feline 

sporotrichosis in Brazil appeared only as sporadic, self-limiting clusters. However, over the last decades 

in Brazil, the sporotrichosis epidemiological scenario changed drastically and became the most endemic 

country in the world (1,10). Clinical sporotrichosis in mammals results from two major infection routes: 

animal transmission and plant origin. Historically, sporotrichosis was a rare sapronoses (plant origin), 

caused by S. schenckii that present the classic and sporadic route of transmission by traumatic 

inoculation of the etiologic agent while handling organic matter, similar to the rest of the world. It was 

considered an occupational disease, occurring when workers are exposed to a high incidence of injuries 

with contaminated material (33). Nowadays, feline sporotrichosis caused by S. brasiliensis has led to a 

large epidemic with zoonotic transmission in Brazil, becoming the main etiological agent of feline and 

human sporotrichosis in the region (1,5,25,34). 

Cats are very susceptible to sporotrichosis, and through deep scratching and biting, the disease 

is highly transmissible to both felines and humans, as an epizooty (cat-cat) and zoonosis (cat-human), 

respectively. Feline sporotrichosis challenging treatment, combined with the population's poor 

socioeconomic background and scarce access to human and veterinary health services are important 

factors that can explain the cause of this ongoing epidemic in Brazil (20,24,25). 

Currently, cases of human sporotrichosis occur in 25 of the 26 Brazilian states. Zoonotic 
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sporotrichosis cases have been expanding rapidly toward the northeast regions of Brazil in recent years, 

which is directly linked to the feline sporotrichosis epizootic, as shown in Figure 5. This public health 

concern will likely worsen in the future since S. brasiliensis infection is projected to expand its 

biogeographic domains and host range and become more virulent (1). 

Rio de Janeiro state is the greatest feline zoonotic transmission epicentre, with more than 4,000 

human and 4,000 feline cases diagnosed at Fundação Oswaldo Cruz between 1998 and 2012 (8). Similar 

epidemics are occurring in São Paulo and Rio Grande do Sul states, also with a high prevalence of S. 

brasiliensis infections (5). Urban areas with high feline population densities seem to be important drivers 

of epizootics S. brasiliensis transmission, and the epidemiological profile group usually is people with 

poor socioeconomic conditions with direct and frequent contact with these animals, namely children, the 

elderly, and women. However, outside urban areas, the classical sapronoses transmission type prevails 

(5,35). 

 

Figure 5. Geographic distribution of human and feline sporotrichosis in recent years in 

Brazil. (A) Cases of human sporotrichosis have been reported in 25 of 26 Brazilian states, with 

significant differences in their frequency. (B) The South and Southeast states of Brazil show the largest 

epizootic feline sporotrichosis in the world. Currently, the zoonotic sporotrichosis driven by S. 

brasiliensis is expanding rapidly in Northeast Brazil. Image from Rodrigues et al., 2020. 
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1.3. Sporotrichosis treatment and control strategies 

Prevention and control strategies with the engagement of animal and human health policies are 

essential to reduce public health risks due to this zoonotic outbreak, especially in high-density populated 

urban areas where cat transmission is predominant (24). The neutering of the cats is an important 

preventive and control policy, since it diminishes the instinct for hunting, mating, and roaming, thus 

reducing the chance of transmission of Sporothrix spp. (36). Cytopathological examination or other rapid 

preliminary diagnostic tests with good sensibility can also be helpful since early feline sporotrichosis 

treatment contributes to disease control in the community (37). 

Although human sporotrichosis is generally responsive to standardized antifungal strategies (2), 

feline sporotrichosis treatment is a challenge for both veterinarians and the infected cat owners, 

demanding a long period of daily care, cooperation, and persistence (1). Sporotrichosis therapy strategy 

and prognosis depend on the feline medical condition, the etiological agent, disease severity and its 

clinical signs, such as number, extension, and lesion location (1). Independently of the treatment regimen, 

a crucial therapeutic approach is to persevere with it for at least 1 month after the complete resolution of 

the cutaneous lesions, which may take from a few weeks to several months (median time, 4–9 months), 

to assure clinical cure (8,29,36). Felines undergoing systemic antifungal therapy do not appear to play a 

key role in the Sporothrix spp. transmission cycle (37) and clinical cure is observed regardless of co-

infection with feline immunodeficiency virus and/or feline leukaemia virus (36). 

Treatment abandonment can be frequent, either in the first month (30) or from the second to 

sixth month of therapy, upon clinical improvement (38). The long-during struggle to keep infected cats 

isolated and confined, administrate oral medications, and transport them to the clinic together with the 

treatment cost have been described as major treatment abandonment causes. Additionally, since factors 

such as non-visualization of skin lesions and systemic involvement may lead to misperception of cure, 

there is a risk of disease recurrence if treatment is discontinued before the therapeutic protocol 

established by the veterinarian (38). 

There are few prospective studies available regarding sporotrichosis treatment in animals. For 

that reason, evidence-based treatment options come from retrospective studies and case reports (39). 

The antifungal treatments available for feline sporotrichosis are azole derivatives, such as itraconazole 

and ketoconazole, triazole derivatives, such as fluconazole and posaconazole, sodium and potassium 

iodides, amphotericin B and terbinafine (40). Although sporotrichosis etiological agents have a susceptible 

response profile to antifungal drugs, several reports of drug resistance have already been recently 

reported (6,7). 
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Despite not inducing an active immune memory response by the host, antibody treatment is 

another way to combat pathogens aiding to neutralize infection. A specific and protective humoral 

response against Sporothrix spp. cell wall has already been observed (41,42). A major antigen candidate 

is a 70-kDa glycoprotein (gp70), whose antibodies showed promising results against S. globosa (43) and 

S. brasiliensis (44). Despite all efforts, until this day there is no immunoprophylaxis or immunotherapy 

available to humans or cats against Sporothrix spp (36). 

1.4. Components and virulence factors 

Pathogen microorganisms need to express virulence factors to become virulent, but changes in 

the host which alter the host-microbe interaction can often be determinant for the disease to occur (45). 

Consequently, there is a great interest in microbial pathogenesis research, with the ultimate goal to 

develop therapies that target these virulence factors. However, the virulence traits involved in the 

establishment, development, and severity of sporotrichosis are still not well understood (46). 

In two experimental studies using murine models, Arrillaga-Moncrieff and co-workers (4,47) 

observed significant differences between mice infected with S. schenckii and S. brasiliensis, whereas the 

latter showed more virulence, presenting higher mortality, greater dissemination capacity and massive 

infiltration in infected tissues. After these findings, although different inoculation methods were used, 

other authors found similar results with the same type of model, endorsing that several S. brasiliensis 

strains have increased pathogenicity when compared to S. schenckii and other species (18,48,49). 

Della Terra (50) studies in mice models elucidated that not only S. brasiliensis virulence is strain-

dependent, but also that feline isolates were more virulent than those of human origin, while in Castro’s 

experiment (48), skin lesions caused by subcutaneous inoculation of S. brasiliensis strains in mice were 

usually more progressive, persistent, and wider than lesions caused by S. schenckii.  

Additionally, a higher degree of pathogenicity in felines (20) and humans have also been reported 

(51) and correlated to severe and atypical clinical manifestations (49). Among all species pathogenic to 

mammals, the most virulent and with the most impactful clinical manifestations is S. brasiliensis 

(4,49,50). Contrastingly, S. schenckii exhibits a varying range of virulence while S. globosa seems to be 

the less virulent species from the pathogenic clade of Sporothrix species (6). 

Despite the role of dimorphism, thermo-tolerance, and melanin, Sporothrix virulence factors are 

still not clearly understood (21,52,53). S. brasiliensis and S. schenckii are highly syntenic, sharing a 

97.5% average sequence identity and a similar genome size of, respectively, 33.2 Mb and 32.4 Mb 
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(54,55). Since an in-silico analysis of both genomes does not appear to explain S. brasiliensis higher 

virulence (55), a narrower clarification of the mechanisms underlying S. brasiliensis virulence is required.  

Fungi from the S. schenckii complex exhibit a thermal dimorphic behaviour, which has been 

described as a virulence factor in several other fungi that are pathogenic to humans, such as Candida 

albicans, Histoplasma capsulatum and Paracoccidioides brasiliensis (17,56–59). The morphological shift 

toward environmental alterations may represent an important feature for animal infection and virulence 

(5,17), but the mechanisms regulating thermal dimorphism are not fully understood. However, 

temperature, pH, oxygen, nutrient availability, and calcium uptake affect this trait (17). 

Melanins are polymeric aromatic dark pigments, produced from a wide variety of organisms, from 

bacteria and fungi to mammals. In addition to the common and vital effect in protecting against radiation, 

more specific roles have been found in different species (60). Melanin-producing pathogenic fungi are 

more resistant to both harsh environmental circumstances and conditions imposed by host immune 

defense (61). Melanisation confers in vitro resistance to a wide range of challenges commonly found in 

fungal habitats, such as extreme temperatures, acidity, oxidative conditions and exposure to radiation or 

heavy metals (62). In pathogenic fungi, melanin pigments also inhibit phagocytosis and fungicidal activity 

by mammalian host cells, thus protecting the fungi against the host’s innate immune response (63). 

Additionally, melanin pigments also confer protective effects against antifungal drugs in several fungi 

species, which includes members of the Sporothix genus (61). Sporothrix melanin is important for 

sporotrichosis deep organ dissemination since it can impair host innate and adaptive immunity, by 

inhibiting phagocytosis, fungicidal activity of reactive oxygen species, macrophages digestive functions 

and antigen presentation (64). 

1.5. Immune response in Sporothrix infection  

The immune system is a collection of cells, chemicals and processes whose combined functions 

protect the host from foreign antigens, such as viruses, microbes (organisms such as parasites, bacteria, 

and fungi), toxins and cancer cells (65). Innate and adaptive immunity are the two fundamental lines of 

defense of the immune system against pathogens when structural and chemical barriers were not capable 

to block intruding pathogens (65). Innate immunity, as the first immunological mechanism for fighting 

against an intruder, is a rapid response that has no antigen-specific immunologic memory (65), only long-

term metabolic rewiring features (66). Adaptive immunity is an antigen-specific immunological 

mechanism, which has the capacity for immunological memory. Although at the first encounter adaptive 
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immunity portraits as a slow defense mechanism, it enables the host to promote a more rapid and 

efficient immune response upon subsequent exposure to the same antigens (65). 

Innate and adaptive immune systems synergize together to promote the immune response 

towards pathogens, in a way that defects in either system can provoke illness or disease, such as 

hypersensitivity reactions and inappropriate inflammation, autoimmune diseases and immunodeficiency 

disorders (65). Pathogen microorganisms need to express virulence factors to become virulent, but 

changes in the host which alter the host-microbe interaction can often be determinant for the disease to 

occur (45). Immunosuppressed patients, by immunosuppressive therapy or HIV infection, often develop 

sporotrichosis disseminated forms (6,31,51,67). 

The exact role of immune cells in Sporothrix spp. infection is not yet fully elucidated, but 

macrophages are probably the most important immune cells for containing and terminating sporotrichosis 

(68,69) since their phagocytic activity plays a crucial role in surveillance and clearance of fungal 

pathogens (70,71). Macrophages can recognize, through pattern recognition receptors (PRRs), some 

pathogen associated molecular patterns (PAMPs) of Sporothrix. These PAMPs are constituents of fungus 

cellular surface, which allows adherence, engulfment, respiratory burst, and secretion of pro-inflammatory 

or anti-inflammatory biological mediators to control the infection (68,69). However, several factors can 

interfere with the efficiency by which phagocytes recognize, internalize, and kill fungal pathogens, such 

as shape, size, cell wall composition and fungal intrinsic immune evasion mechanisms (64,69,72). 

TLR-2 and TLR-4, along with Dectin-1 and Mannose receptors are PRRs that promote fungal 

recognition and macrophage inflammatory activation to Sporothrix spp (69). These receptors activate the 

innate immune response by recognizing specific pathogen-associated molecular patterns (PAMPs) on 

pathogen cell surfaces (68). Macrophage toll-like receptors (TLR) have been directly associated with PAMP 

recognition and immune response triggering from several fungi, such as Aspergillus fumigatus, Candida 

albicans, Cryptococcus neoformans, Pneumocystis jirovecii, S. schenckii, and S. brasiliensis (68,73–78). 

Moreover, TLRs belong to a family of recognition receptors that link the innate and acquired immune 

system (79), and TLR2 and TLR4 are specifically important to the innate immune response against S. 

brasiliensis and S. schenckii (68,75). 

In fungal infections, the first contact between the host and the pathogen is through the interaction 

between the immune cells and the fungal cell wall (CW). Its composition plays a crucial role in 

pathogenesis and immunogenicity by inducing a cellular and humoral immune response (69), and the 

three main components are ß-glucans, chitin, and mannans (80). Soluble and lipidic antigens of the 

fungal CW surface can activate macrophages via TLRs (68,75). This activation together with the humoral 
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immunity mediated by specific antibodies to components of Sporothrix spp, play a leading role in the 

infection progress (42,81).  

Several components and exoantigens in the fungal CW are potentially involved in immune evasion 

and higher virulence in S. brasiliensis, such as the presence of a 70-kDa glycoprotein, certain lipids, 

peptido-rhamnomannan, and the polysaccharide composition (46,82–85). Exoantigens present in the CW 

of the Sporothrix spp., such as the peptido-rhamnomannan, are efficient inhibitors of the production of 

cytokines such as IL-1β, IL-6, TNF, IL-12, and IL-10 (68,75,84). Additionally, Sporothrix spp. thermal 

dimorphism alters its CW components, which can modulate macrophages' inflammatory response. The 

interaction with the CW of conidia induces a lesser pro-inflammatory response and a lower rate of ROS-

induced cell death when compared to yeast (86). 

1.6. Agrobacterium tumefaciens-mediated transformation (ATMT) 

The incorporation of exogenous DNA into a cell is called transformation, an important tool to link 

genes to functions and consequently better understand one microorganism pathophysiology (87). 

Protoplast-mediated transformation (PMT) is the most common method to incorporate exogenous DNA 

in fungi. The creation of a fungi protoplast and PMT first requires the removal of its cell wall. Since the 

cell wall composition varies between fungi species, this technique becomes a laborious technique that 

requires standardization for the cell wall removal to each fungal species used (88). The Agrobacterium 

tumefaciens-mediated transformation (ATMT) technique removes this process altogether, since the 

desired gene sequence can be inserted not only into protoplasts but also into intact cells (89), thus 

avoiding the laborious protoplasts preparation process. 

Agrobacterium tumefaciens is a Gram-negative soil phytopathogen that was discovered almost 

100 years ago as the causative agent of crown gall disease (90) among most of the plant families inside 

the plant kingdom (91). Through a type IV secretion system, this bacterium is capable to induce tumours 

by transferring part of its DNA (T-DNA), located on a tumour-inducing (Ti) plasmid, to the host (92). 

Naturally, the T-DNA inside the Ti plasmid encode enzymes that influence the production of plant growth 

regulators, resulting in the crown gall disease (Michielse et al., 2008). However, the manipulation of its 

Ti plasmid made this species a central genetic tool in diverse fields of biological and biotechnological 

research (93). 

ATMT was first applied as a genetic engineering technique which offers an efficient tool for 

random insertional mutagenesis in plants' genomes. However, under laboratory conditions, it was found 

that the Agrobacterium range of eukaryotic organisms that could be genetically transformed is much 
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broader (94). The ATMT technique has already transformed yeast (95), filamentous fungi, cultivated 

mushrooms (96), cultured human cells (97), and even Sporothrix schenckii (98–100). 

In the plant kingdom, the T-DNA is integrated by illegitimate recombination, being randomly 

inserted into the genome (101). Contrastingly, in yeast and fungi, the T-DNA is often inserted through 

homologous recombination. This difference allows the possibility of targeted integration of the foreign 

DNA, if its shares sequence homology with the host genome, thus providing genomic tools for insertional 

mutagenesis or specific gene replacement (94). Furthermore, the non-sequence-specific manner that 

Agrobacterium integrates its T-DNA within the host genome is vital to produce many mutants when 

transforming intact cells, such as conidia, mycelium, and yeasts (98). 

The ATMT has already been standardized in thermodimorphic fungi (102–108) and Sporothrix 

schenckii (98–100), but the use of this technique in S. brasiliensis is scarce (109). ATMT technique has 

proven to be a useful genetic tool to unveil several pathogen pathophysiology mechanisms (50,99). An 

attempt to standardize this technique on S. brasiliensis is important to construct large-scale transformant 

libraries, which can help to open new insights into exploring more effective disease control strategies for 

sporotrichosis, by better understanding its host-pathogen interactions and virulence mechanism. 
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The mechanism involved in Sporothrix brasiliensis increased virulence and aggressiveness are 

yet to be clarified. Targeted fungal transformation is an important tool which permits the identification of 

molecular mechanisms and cellular processes involved directly in the virulence of the target 

microorganism, and thus, can clarify the role of gene functions in vitro and in vivo. The first step to achieve 

this goal is the development of an easy, quick, and reproducible methodology for transformation of S. 

brasiliensis. Secondly, the design and creation of strains with fluorescent proteins is an important 

technology which could facilitate the execution of in vitro and in vivo infection assays with S. brasiliensis. 

Therefore, our main objectives were to: 

1. Establish a protocol and optimizations for an efficient Agrobacterium tumefaciens-

mediated transformation (ATMT) of S. brasiliensis. 

2. Design, create and categorize S. brasiliensis strains with fluorescent proteins. 

3. Perform human monocyte-derived macrophages (MDMs) infections with fluorescent 

strains S. brasiliensis and evaluate its applicability. 

The work presented in this thesis aims to contribute for the development of molecular tools to 

unravel the virulence mechanisms of S. brasiliensis, as well as to create fluorescent strains and evaluate 

their applicability in in vitro models of infection. 

Chapter 1 presents an introduction to the state of art of sporotrichosis, its etiologic agents, the 

immune response to Sporothrix spp. and the ATMT technique. Firstly, a brief description of the disease 

is presented, its clinical forms, epidemiology, diagnosis, and treatment. Secondly, the virulence factors 

and the immune response to Sporothrix spp. are also described. Lastly, the state of art of the ATMT 

technique is introduced. 

Chapter 2 describes the aims of this dissertation and its outline. 

Chapter 3 focus on the establishment of an ATMT protocol to produce S. brasiliensis 

transformants. The effects of several parameters were evaluated on the transformation efficiency, such 

as, time, ratio bacteria:fungi, sterile membranes and strains used in the co-cultivation. To summarize, 

from the analysis of the tested conditions, we concluded that 26ºC for 72h, using a 2:1 ratio 

(bacteria:fungi), using the A. tumefaciens AGL-1 and S. brasiliensis ATCC 4823 are the best conditions 

for ATMT of S. brasiliensis. Overall, we were able to develop a protocol for transformation of S. brasiliensis 

using ATMT with high transformation rates and mitotic stability. 

In Chapter 4, S. brasiliensis pGAPDH::GFP and pGAPDH::H2A::GFP strains with fluorescent 

proteins in the cytoplasm and the nucleus, respectively, were used assay to assess several antifungal 

mechanisms. The pGAPDH::GFP strains still had a detectable amount of GFP fluorescence upon 
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phagocytosis and thus, can be used without fluorophore stain prior to infection. On the other hand, the 

loss of GFP fluorescence by the pGAPDH::H2A::GFP strain inside the macrophages preclude there use in 

downstream assays since we were unable to correlate the loss of GFP fluorescence of the 

pGAPDH::H2A::GFP strain with the loss of viability and/or death after monocytes/macrophages 

engulfment in both microscopic and FACS analysis.  

Chapter 5 presents a broad discussion and future perspectives regarding this thesis. 
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Abstract 

Sporothrix brasiliensis is the most virulent etiological agent that causes sporotrichosis, the most prevalent 

mycosis worldwide and a hyperendemic in Brazil. The virulence factors which result in the S. brasiliensis 

worst phenotype, when compared to the rest of the Sporothrix pathogenic clade, remain poorly 

understood. The development of genetic engineering techniques for S. brasiliensis transformation is 

urgently needed to better understand the association of specific genes and functions, unravelling this 

microorganism pathophysiology. In this work, we optimized the protocol for its genetic manipulation using 

the Agrobacterium tumefaciens-mediated transformation (ATMT) system. Several conditions already pre-

established in other fungi were tested its effect on the ATMT efficiency. Our results point to 72h of co-

cultivation, the AGL-1 strain and the 2:1 ratio (bacteria:fungi) as ideal conditions for a high number of 

transformants. In these conditions, we obtained 3179 ± 1171 transformants/co-cultivation. No statistical 

differences were found between the Hybond™-C e Hybond™-N+ sterile membranes used. Additionally, 

the ATCC 4823 and 4858 S. brasiliensis strains produce more transformants. Only the co-cultivation 

temperature of 26°C was used. The ATMT methodology used is an efficient tool for mutagenesis in S. 

brasiliensis. 

3.1. Introduction 

Sporotrichosis is the world's most prevalent and distributed subcutaneous mycosis. This disease 

etiological agents belong to the Sporothrix pathogenic clade (1,3), characterized by several 

thermodimorphic fungi from the genus Sporothrix growing as yeast in infects mammals (16). Among all 

species pathogenic to mammals, the most virulent and with the most impactful clinical manifestations is 

S. brasiliensis (18,48–51). However, there is yet a limited genetic manipulation tool repertoire for the 

Sporothrix genus (110), and despite the role of dimorphism, thermo-tolerance, and melanin, Sporothrix 

virulence factors are still not clearly understood (54). 

Agrobacterium tumefaciens-mediated transformation (ATMT) offers an efficient tool for random 

insertional mutagenesis. This bacterium can transform intact cells, such as conidia, mycelium and yeasts 

while still producing many mutants due to its non-sequence-specific manner of T-DNA integration within 

the host genome (98). Although ATMT has already been standardized for S. schenckii (98–100), the 

information about the use of this technique in S. brasiliensis is scarce. ATMT technique has proven to be 

a useful genetic tool to unveil several pathogen pathophysiology mechanisms (50,99), thus an attempt 

to standardize this technique on Sporothrix brasiliensis is justifiable.  
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Here, we report the establishment of an ATMT system of S. brasiliensis, with an analysis into the 

important factors affecting the transformation efficiency. We report an efficient, simple, and reproducible 

transformation method which enabled us to obtain many T-DNA insertional mutants within a two-week 

experimental period.  

3.2. Materials and Methods 

3.2.1. Microorganisms and culture conditions 

 

The S. brasiliensis ATCC MYA-4823, ATCC MYA-4824, and HUPE 114158 were used for fungal 

transformation. Their origin is better described in Table 1. The ATCC MYA-4823 strain was cultured at 

37°C for 72h in yeast extract peptone dextrose (YPD) medium (2% glucose, 2% peptone, 1% yeast extract; 

for solid medium 1.5% agar was added; pH = 7.8), while both the ATCC MYA-4824 and HUPE 114158 

strains were cultured in Brain Heart Infusion Broth (BHI) medium (3.7% Biolife™ BHI; for solid medium 

1.5% agar was added; pH = 7.8). All cultures were maintained at 4°C for short-term storage and were 

routinely sub-cultured every 4–6 weeks. Yeasts were obtained through sterile gaze filtration.  

Table 1. S. brasiliensis strains used in this work. 

Isolate Another name Isolation Source Citation Virulence Origin 

ATCC MYA-4823 5110 Brazil Feline skin lesion (48,54,109,111) High (48) Bought at ATCC© 

ATCC MYA-4824 IPEC 17943 Brazil Feline skin lesion (48,112) Low (48) 
Kindly donated by 

Lopes-Bezerra, L. M. 

HUPE 114158 Ss58 Brazil 
Human 

cutaneous with 
facial destruction 

(48,109) High (48) 
Kindly donated by 

Lopes-Bezerra, L. M. 

The A. tumefaciens strains AGL-1 (113,114), EHA105 (114), and LBA1100 (103,109), harboring 

the commercially available pUR5750 plasmid (Figure 6A) (96), were used to perform ATMT and evaluate 

its efficiency, due to this plasmid hygromycin B phosphotransferase (HPH) gene. All A. tumefaciens cells 

were cultured at 26°C in solid LC Broth medium supplemented with the antibiotics rifampicin (20μg/ml) 

and kanamycin (100μg/ml) and maintained at 4°C for short-term storage. The A. tumefaciens strains 

used were kanamycin-resistant and harboured two distinct plasmids, as schematized in Figure 6B. The 

first plasmid was the Ti plasmid, which carries the spectinomycin resistance gene along with virulence 

promoting genes. The phenolic compound acetosyringone (AS) induces the expression of the Vir domain 

inside the Ti plasmid, which leads to the generation, transference, and random integration of the T-DNA, 

present in the constructed plasmid, into the recipient cell’s genome (88,92,115). The binary vector used 
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was the plasmid pUR5750 (Figure 6B). It had the gene of resistance to kanamycin in A. tumefaciens and 

Escherichia coli, and the T-DNA constructed to insert a specific gene inside the host genome, in this case, 

the HPH gene. 

 

(C)  
(D)               

 
Figure 6. Schematic representation of the system used for A. tumefaciens-mediated 

transformation. (A) The A. tumefaciens carried two distinct plasmids and chromosomal DNA. Image 

adapted from Michielse et al., 2008. (B) The binary vector used was the plasmid pUR5750.  (C) 

Schematic representation of the pPZP201BK::SUR::gpdA::Kat::TrpC plasmid. Image from Sbaraini et 

al., 2021. (D) Schematic representation of the pGAPDH::GFP plasmid. 

The second plasmid used, pPZP201BK::SUR::gpdA::Kat::TrpC (Figure 6C), was designed by 

Sbaraini (116) to produce transformants that express and accumulate the far-red fluorescent protein 

TURBOFP635/Katushka in the cytoplasm. This plasmid uses the selection marker Magnaporthe grisea 

acetolactate synthase enconding gene (SUR gene), which confers resistance to Chlorimuron ethyl 

(116,117). Using two selection markers allow the production of mutants with two fluorescent proteins 

upon consecutive ATMTs. The last plasmid used in the ATMT was the pPST608::pGAPDH::GFP (Figure 

6D), to produce strains that express and accumulate the GFP in the cytoplasm, for the mitotic stability 

analysis. 
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3.2.2. Inoculum count optimization for future experiments in vitro 

Several protocols performed in this thesis required a quick and accurate way to obtain S. 

brasiliensis inoculums for experiments in vitro. To optimize the inoculum concentration, exponential 

growth cells were acquired through culture at 37°C for 24h in liquid YPD (pH 7.8) medium and sterile 

gaze filtration. Samples had their optic density (OD660nm) adjusted to several values ranging from 0.1 up to 

1 and the number of cells was counted by both the Neubauer chamber counting technique and by 

counting the number of Colony Forming Unit (CFU) after 7 days of culture at 37°C in a YPD (pH 7.8) 

solid plates. Linear regression was performed to obtain the linear correlations between the concentration 

of exponential growth S. brasiliensis ATCC 4823 yeast cells, the Neubauer chamber count and the optic 

density (OD660nm). 

3.2.3. Sporothrix brasiliensis sensitivity analysis to Hygromycin B and Chlorimuron ethyl 

Transformation systems can take advantage of the resistance markers, such as the HPH and 

SUR resistance genes (117,118), which confer resistance to Hygromycin B (HygB) and Chlorimuron ethyl 

(CE), respectively. To create mutants with these resistance markers, the minimum inhibitory 

concentrations of these antibiotics for S. brasiliensis ATCC 4823 were first evaluated. To analyze cell 

growth in selective YPD (pH 7.8) solid and liquid medium (100), exponential growth S. brasiliensis ATCC 

4823 wild-type cells were acquired through culture at 37°C for 24h in liquid non-selective YPD (pH 7.8) 

medium and sterile gaze filtration.  

To analyze the resistance to Hygromycin B and Chlorimuron ethyl, cell growth was evaluated 

respectively in both liquid and solid medium of the selective YPD (pH 7.8) and Yeast Nitrogen Base (YNB) 

liquid medium (0.16% BD Difco™ YNB, 2% glucose, 0.5% ammonium sulfate, 25 µg/mL of leucine, 25 

µg/mL of histidine, 25 µg/mL of methionine and 25 µg/mL of uracil) (100,116,117). Exponential growth 

S. brasiliensis ATCC 4823 wildtype cells were acquired through culture at 37°C for 24h in liquid non-

selective YPD (pH 7.8) medium and sterile gaze filtration. Cell density was adjusted to an OD660nm of 

0.1 by the Genesys™ 20 Spectrophotometer (Sigma-Aldrich, model Z376035) in both mediums. Fungal 

growth was evaluated by measuring absorbance at 660nm after incubation at 37°C for 24 hours with 

reciprocal shaking at 200rpm in several antibiotic concentrations. 

To define the minimum inhibitory concentration of HygB (Formedium™, Hunstanton, England) 

and CE (Santa Cruz Biotechnology, Dallas, USA) in S. brasiliensis in solid YPD and YNB mediums, cells 

were diluted to three concentrations: 108, 107, and 106. Those concentrations were then inoculated into 
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mini plates containing solid medium YPD (pH 7.8), with different concentrations (µg/mL) of each 

antibiotic. HygB plates had the concentrations of no antifungal present, 25, 50, 75, 100,150, 200, and 

250µg/mL. The CE plates had concentrations of no antifungal present, 5, 10, 15, 20, 25, and 30µg/mL. 

For each mini plate, 5µL of each dilution was inoculated: 108 on the left border, 107 on the middle, and 

106 on the right border. All the mini plates were put at 37°C for seven days, and a visual (qualitative) 

comparison was made at the end. 

3.2.4. Agrobacterium tumefaciens-mediated transformation protocol of Sporothrix brasiliensis 

The transformation procedure was based on previously described protocols (92,98,99,109), with 

some modifications, and schematized in Figures 7 and 8.  

 

 

 

Figure 7. Schematic of S. brasiliensis ATMT technique. 
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Each A. tumefaciens strain cells were cultured at 28°C while shaking (200 rpm) in 10 mL LC 

broth supplemented with antibiotics for 6-10h. Subsequently, the culture was centrifuged at 4000 rpm 

for 6 min and the pelleted cells were resuspended with Induction Medium (IM) (92) with 200μM of 

acetosyringone (AS), to an optic density (OD660nm) of 0.3. The culture grew overnight at 26°C with shaking 

to an OD660nm of 0.6–0.8, to acquire virulence. In parallel, exponential growth fungal cells were cultured at 

37°C for 24h while shaking (200 rpm) in 50mL YPD (pH 7.8), or BHI in the case of the ATCC 4858 

strain, and yeast cells were obtained through sterile gaze filtration. 

Each A. tumefaciens strain was mixed with S. brasiliensis cells, at two different ratios. Inside the 

1:1 ratio, 5 x 107 cells of each species were used, while the 2:1 ratio had double the amount of A. 

tumefaciens cells (1 x 108). Those mixtures were centrifuge and had their supernatant removed to an 

approximate final volume of 100μL, and were inoculated on a sterile membrane, onto solid IM plates. 

Four co-cultivation periods in the dark (24h, 48h, 72h, and 96h) and two different sterile membranes 

were compared (Hybond™-C and Hybond™-N+, 0.45μm pore, GE Healthcare Limited, Amersham, UK). 

Before incubation, the plates were air-dried in a safety cabinet with the lights off for approximately 30 

minutes (103). 

Next, after each period of co-cultivation, the membranes were transferred to falcon tubes and the cells 

dislodged into a 5mL YPD medium (pH 7.8) containing cefotaxime (200μg/mL, Formedium™, 

Hunstanton, England), for growth inhibition of A. tumefaciens. Lastly, after 6h of cultivation at 37ºC, while 

shaking at 200 rpm, 1mL were centrifuged, 800μL of supernatant was removed and the final volume of 

200μL was inoculated on a selective YPD solid medium (hygromycin B, 150 μg/mL, Formedium™, 

Hunstanton, England). Since the ATCC 4824 and 4858 strains did not grow properly in YPD, their cells 

had to be instead respectively inoculated in the selective BHI medium (with hygromycin B, 150 μg/mL, 

Formedium™, Hunstanton, England). Only to produce transformants with the plasmid 

pPZP201BK::SUR::gpdA::Kat::TrpC, the final volume of 200μL was inoculated on a selective Yeast 

Nitrogen Base (YNB) solid medium (0.16% BD Difco™ YNB, 2% glucose, 0.5% ammonium sulphate, 25 

µg/mL of leucine, 25 µg/mL of histidine, 25 µg/mL of methionine and 25 µg/mL of uracil), with 

Chlorimuron ethyl (30μg/mL, Santa Cruz Biotechnology ™, Dallas, USA) instead of hygromycin. Fungal 

cells without the transforming agent A. tumefaciens were inoculated into selective and non-selective YPD 

mediums, as a positive and negative control, respectively. Lastly, after cultivation for a week at 37ºC, the 

number of transformants was counted, scaled to the total amount of selective medium used (5mL), and 

compared between each condition. To compare different conditions for the ATMT protocol, only the S. 

brasiliensis ATCC 4823 was used. 
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Figure 8. Timeline schematic of S. brasiliensis ATMT. 

3.2.5. Characterization of isolated transformants 

To investigate and confirm the integration of T-DNA of the HygBR isolates, the HPH gene copy 

number in five S. brasiliensis was determined by the standard curve method (Cts plotted against the 

logarithm of the DNA copy number) (119). To that, five transformants had their DNA extracted. 

For DNA Extraction, each S. brasiliensis transformant and the wild-type isolate were grown for 72h in YPD 

pH 7.8 and then transferred to falcons, where the YPD medium was exchanged for sterile distilled water. 

A volume of 300µL from each culture was centrifuged, had its supernatant removed, was moved to 

microtubes, and then resuspended in 350µL of lysis buffer [1mM EDTA, 10mM Tris–HCl (pH 8.0), 1% 

SDS, 100mM NaCl, 10mg/mL RNAse A (GRiSP, Porto, Portugal)]. After glass beads addition, 80µL of TE 

buffer (X1, pH 7.6) and 150µL of phenol:chloroform:isoamyl alcohol (25:24:1; pH 8.0) were added. Cell 

mechanical disruption was performed by vortexing for 1 minute. After centrifugation (14,000 rpm, 5 min), 

the aqueous supernatant was carefully collected and moved to another microtube. A volume 

corresponding to 10% from the aqueous supernatant removed was added of sodium acetate (3 M) and 

250% of absolute ethanol to each microtube. After incubation at 0°C for 15 minutes on ice and 

centrifugation (14,000 rpm, 4°C, 10 min), the supernatant was removed, and 400µL of ethanol 70% 

(vol/vol) was added to remove salts and small organic molecules. The solution was centrifuged again 

(14,000 rpm, 0°C, 5 min), its supernatant was removed, and the pellet was air-dried inside the Bunsen 

burner range. Lastly, the pellet was resuspended in 50µL of TE buffer (X1, pH 7.6). TE buffer (1x) was 
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used as blank, and the samples were stored at -20ºC. The extracted DNA was assessed using ND-100 

UV-Visible light spectrophotometer (Nanodrop Technologies, Wilmington, United Kingdom). 

Lastly, the single copy references of the Actin-β gene and the glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) gene were quantified in parallel with HPH in transformants and wild-type 

genomic DNA. Two wild-type isolates were used as control. Primers used for the copy number analysis 

are listed in Table 2. 

Table 2. Primers list from copy number analysis. 

RT_LP_actin beta 
RT_RP_actin beta 

GATCGGTATGGGCCAGAAGG 
GGATACCACGCTTCGACTGT 

RT_LP_GAPDH 
RT_RP_GAPDH 

TGCCTCCTACGACGAGATCA 
GTGTAGCCGAGAATGCCCTT 

RT_LP_HPH 
RT_RP_HPH 

GATGTAGGAGGGCGTGGATA 
ATAGGTCAGGCTCTCGCTGA 

Isolates from the ATMT with plasmid pPZP201BK::SUR::gpdA::Kat::TrpC were characterized by 

microscopic evaluation of the presence of the far-red Kat-fluorescence protein, TURBOFP635/Katushka. 

Transformants and wild-type cells were obtained during exponential growth. To obtain yeast cells and 

mycelium at exponential growth, cells were cultivated in a selective YNB medium at 37 and 26°C, 

respectively. Fluorescence microscopy analyses were performed with the Olympus Widefield Upright 

Microscope BX61 by either bright-field (upper panel) or fluorescent microscopy (lower panels). All images 

were captured using 395nm/509nm for excitation and emission, respectively, and exposition time to the 

laser beam was automatically set. 

3.2.6. Mitotic stability 

After molecular characterization of the S. brasiliensis transformants, their mitotic stability was 

determined by analysing the stability of the Green fluorescent protein (GFP) gene, present in the genome 

of the pGAPDH::GFP transformants (Figure 18). To achieve that, five randomly selected transformants 

and wild-type strains were successively cultured without hygromycin B for five generations on a YPD 

medium (pH 7.8) at 37ºC for 12h, while shaking at 200rpm. For each restreak, cells were fixed with 

500µL of 2% paraformaldehyde for 15 minutes at room temperature and thirty thousand events were 

captured using Fluorescence-activated cell sorting (FACS). The wild-type MFI was used to determine the 

MFI autofluorescence threshold, and consequently the percentage of population cells that did not express 

GFP throughout five generations. 
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3.2.7. Statistical analysis 

Data are reported as the mean ± standard error of the mean (SEM) of at least two independent 

assays with two or three replicates each. The statistical analysis was performed using GraphPad Prism 

Software version 8.0 (GraphPad Software Inc, California, USA, https://www.graphpad.com/scientific-

software/prism/). The normality assumptions were assessed in all cases using the Shapiro-Wilk test. A 

student's t-test was used to analyze the differences in the average number of HygBR clones for co-

cultivation temperature and the use of sterile membranes. Differences regarding the time, ratio of co-

cultivation, and strains used were analyzed using One-Way ANOVA. Statistically significant values are 

indicated as follows: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 and ****p ≤ 0.0001. 

3.3. Results 

3.3.1. Inoculum count optimization for future experiments in vitro 

Several protocols performed in this thesis required a quick and accurate way to obtain S. 

brasiliensis inoculums for experiments in vitro. As showed in Figure 9, between the colony forming unit 

count, the OD660nm measurement and the Neubauer chamber count, our data show a stronger correlation 

between the OD660nm and the colony forming unit count (R2 = 0.91). Therefore, the number of cells in the 

inoculum preparation for the ATMT was calculated by the linear regression equation of the colony forming 

unit count and the optic density measurement. 
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Figure 9. Differences between CFUs and Neubauer chamber count for the same OD660nm 

measurement. Each dot represents a measurement. (A) Linear regression was performed between 

OD660nm measurements and CFUs counts. (B) Linear regression was performed between OD660nm 

measurements and Neubauer Chamber counts. (C) Linear regression was performed between CFUs 

and Neubauer Chamber counts. 

https://www.graphpad.com/scientific-software/prism/
https://www.graphpad.com/scientific-software/prism/
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3.3.2. Sporothrix brasiliensis sensitivity analysis to Hygromycin B and Chlorimuron ethyl 

Our data show that S. brasiliensis growth inhibition in a solid medium occurred at 106 cells/mL 

with HygB concentrations at and higher than 100 µg/mL, while Sporothrix concentrations of 108 cells/mL 

were only inhibited at 250 μg/mL (Figure 10A). CE inhibit cell growth at 10 µg/mL (Figure 10B). We 

used the higher concentration of 150 μg/mL of HygB and 30 μg/mL of CE to avoid unspecific growth 

and select transformants.  

 
Figure 10. HygB and CE minimum inhibitory concentration of S. brasiliensis. Subsequent 

ten-fold dilutions of S. brasiliensis ATCC 4823 wild-type yeast cells were tested for growth inhibition at 

different HygB and CE concentrations (μg/mL), in YPD and YNB mediums, respectively. 

3.3.3. Co-cultivation conditions influencing ATMT efficiency 

To establish an ATMT protocol for S. brasiliensis, several co-cultivation conditions were tested, 

such as different S. brasiliensis and A. tumefaciens strains, the bacteria:fungi ratio, the type of sterile 

membranes used and the time of co-cultivation. The first step was to evaluate the strain which produces 

more transformants. The three A. tumefaciens strains used, LBA1100, EHA105 and AGL-1, harboring 

the plasmid pUR5750, showed different efficiencies during the ATMT procedure (n≥4). As shown in figure 

11, when co-cultivation occurred at 26°C for 72h on Hybond™-N+ sterile membranes, there were no 

significant efficiency differences between strains in the 1:1 ratio of co-cultivation, only when the 2:1 ratio 

was applied. In this case, co-cultivation with AGL-1 showed more transformants (p=0.0001). Additionally, 
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AGL-1 strain efficiency was also ratio-dependent. The 2:1 ratio transformed more cells when compared 

to the 1:1 ratio (p<0.0001). Although EHA105 often showed more transformants than LBA1100 at the 

2:1 ratio, it was not statistically significant. 

2:1 1:1

0

100

200

300

400

500

1000

2000

3000

4000

5000

Co-cultive ratios

N
u
m

b
e
r 

o
f 
tr

a
n
s
fo

rm
a
n
ts

✱✱✱✱

✱✱✱✱

✱✱✱✱

A. tumefaciens AGL-1

A. tumefaciens EHA105

A. tumefaciens LBA1100

 

Figure 11. Effect of Agrobacterium tumefaciens strain (LBA11000; EHA 105 and AGL1; 

harboring the binary vector pUR5750) and the ratio of Agrobacterium:Sporothrix on 

transformation efficiency. The growing colonies on the hygromycin medium were counted as 

transformants. The number of transformants ± SEM per condition is represented (n ≥ 4). Statistically 

significant data was determined by Two-Way ANOVA by Tukey's multiple comparisons test 

****(p<0.0001).  

To determine the optimal co-culture time for the ATMT of S. brasiliensis, four different periods 

(24, 48, 72 and 96h, n=6) were tested using the most efficient strain testes, AGL-1. As shown in Figure 

12, fewer transformants were observed with a 24h co-cultivation time (p=0,0371). No statistical difference 

was observed between the 48 and 72h, and the 72 and 96 hours of co-cultivation (p =0,9368 and 

p=0,3129, respectively). However, 48h of co-cultivation presented more transformants than 96 hours 

(p=0,0121). At 72h and 96h period of co-cultivation, S. brasiliensis cells were able to produce sufficient 

biofilm (Figure 12B) to significantly impair the removal of cells from the membranes on the IM plates into 

the YPD medium with cefotaxime, which probably influenced and vary the number of transformants 
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present at the selective medium, possibly masking the true result of the ATMT efficiency for those 

experimental conditions. 
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Figure 12. Effects of co-cultivation time in S. brasiliensis ATMT efficiency. (A) Effect of length 

of duration of co-cultivation on transformation efficiency. Mean values of the number of transformants ± 

SEM per time are represented in bars (n=6). Statistically significant data was determined by One-Way 

ANOVA by Tukey's multiple comparisons tests (* p<0.05). (B)  Filter pieces transferred to recover medium 

after different co-cultivation times. (B) Filter pieces transferred to recover medium after different co-

cultivation times. 

In the ATMT technique, the cells can be mixed for co-cultivation above different membrane 

materials, such as cellophane and Hybond™-N+ (116,120) and co-cultivated at several temperatures 

(103,109). Only the conditions of co-cultivation with a 2:1 ratio and a co-cultivation period of 72h at 26°C 

were used in the comparison, due to their increased efficiency. No statistical difference was observed 
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between the usage of Hybond™-N+ or Hybond™-C membrane for co-cultivation (p=0,1824, Figure 13). 

The co-cultivation temperatures of 26°C showed more transformants (p<0.0001) and increased biofilm 

production than 28°C (Figure 14).  
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Figure 13. Effects of co-cultivation with different sterile membranes in S. brasiliensis ATMT 

efficiency. Effect on the efficiency of S. brasiliensis ATMT between the use of Hybond™-C or Hybond™-

N+ in co-cultivation. Bars depict the mean ± SEM number of transformants per condition (n≥5). No 

statistical difference was observed between the membranes by the student’s t-test (p=0,1496). 
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Figure 14. Effects of co-cultivation temperature in S. brasiliensis ATMT efficiency. (A) Effect 

of co-cultivation temperature in the ATMT efficiency. Bars depict the mean ± SEM number of transformants 

per condition (n≥10). Statistically significant data was determined by student’s t-test (p<0,0001) (B) Filter 

pieces transferred to recover medium with different co-cultivation temperatures show different biofilm 

production. 
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Lastly, the efficiency of three different S. brasiliensis strains was compared (Figure 15). The S. 

brasiliensis strains ATCC 4823 and ATCC 4858 were able to grow rapidly both in solid and liquid 

mediums. However, the ATCC 4824 strain had a low growth, which difficulted the ATMT protocol, possibly 

impacting its efficiency. While the ATCC 4824 strain showed fewer transformants, both ATCC 4823 and 

ATCC4858 strains showed the same transformation efficiency (p=0,6672, n≥6). All strains had different 

biofilm production after 72h of incubation at 26°C. 
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Figure 15. ATMT efficiency using different S. brasiliensis strains. (A) The effect of the strain S. 

brasiliensis on transformation efficiency. Bars depict the mean number of transformants ± SEM per S. 

brasiliensis strain (n ≥ 6). Statistically significant data was determined by One-Way ANOVA by Tukey's 

multiple comparisons tests (*p<0.05). (B) Filter pieces were transferred to recover medium with different 

S. brasiliensis strains, showing different biofilm production. 

3.3.4. Characterization of isolated transformants 

To investigate and confirm the integration of a single copy of the T-DNA into the S. brasiliensis 

genome after the ATMT, 5 transformants were randomly selected for DNA Extraction and subsequent 

qPCR analysis. DNA extraction samples ranged from 109 to 220,1ng/µL and were not contaminated. 

The copy numbers revealed for each of the genes closely correlated to the known copies in the genome 

sequence, thus confirming the validity of the described qPCR technique (Figure 16). Furthermore, 

transformants had a single copy of the HPH gene, thus confirming the success of the ATMT technique. 
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Figure 16. HPH gene screening of S. brasiliensis transformants via HPH copy number analysis. 

T-DNA copy number of S. brasiliensis isolates, based on glyceraldehyde-3-phosphate dehydrogenase gene 

(GAPDH) as a single-copy reference gene and hygromycin phosphotransferase (HPH) as a proxy for T-DNA 

insertion event 

Isolates resistant to Chlorimuron ethyl after transformation were characterized by microscopy by 

the presence of the far-red Kat-fluorescence protein, TURBOFP635/Katushka. The wild-type strain, ATCC 

MYA-4823, showed low levels of autofluorescence, while the transformed strain expressed a sharp and 

bright fluorescent signal (Figure 17). 

 Bright Field GFP Katushka Merge 
 
 
(A) 

    
 
 
(B) 

    

Figure 17. Fluorescence microscopic analysis of randomly-selected transformant and wild-

type S. brasiliensis cells. The scale bar equals 10μm for all images. (A) Yeast cells, subsequently 

transformed with the plasmids pPST608::pGAPDH::H2A::GFP and pPZP201BK::SUR::gpdA::Kat::TrpC, with 

high levels of GFP fluorescence in the nucleus and TURBOFP635/Katushka fluorescence in the cytoplasm. 

(B) Hyphae and conidia transformants cells, subsequently transformed with the plasmids 

pPST608::pGAPDH::H2A::GFP and pPZP201BK::SUR::gpdA::Kat::TrpC, presented as, with high levels of GFP 

fluorescence in the nucleus and TURBOFP635/Katushka fluorescence in the cytoplasm. 
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3.3.5. Mitotic stability characterization 

Transformants must be mitotically stable for an effective mutagenesis system. All five 

transformants presented high mitotic stability in all five generations. In five restreaks, after 12h of 

incubation the log (OD660nm) went, on average, from 0.1 to 0.362 ± 0.032 and the mean percentage of 

transformant cells that expressed GFP across all generations was 99,38% ± 0.45% (Figure 18). Overall, 

these results suggest that 26ºC for 72h of co-cultivation, using a 2:1 (bacteria:fungi) ratio is sufficient to 

promote the insertion of the T-DNA into the genome of S. brasiliensis cells yeast cells resulting in 

mitotically stable transformants. 

 

 

Figure 18: Mitotic stability measurement through GFP gene stability analysis. (A) Five 

randomly-selected transformant colonies were restreak five times in a non-selective medium. The data 

represent the means of log (OD660nm) ± SEM after five restreaks of 12h of incubation. µ and td stand for 

the specific growth rate of the microorganism and time required for cell duplication, respectively. (B) 

Percentage of transformant cells that expressed GFP across all five generations, each one with a twelve-

hour incubation period in a non-selective medium. Bars depict the mean of MFI ± SEM percentage of 

negative cells per restreak (n = 5). (C) Dot plot of side scatter (SSC-A LOG) versus green fluorescence 
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intensity (FITC-A), showing the higher MFI of GFP positive cells (S. brasiliensis, transformed with 

pUR5750) when compared with wild-type cells. (D) Representative (S. brasiliensis, transformed with 

pUR5750) dot plot of side scatter (SSC-A LOG) versus green fluorescence intensity (FITC-A) with a 

selective gate defined around the cellular subpopulation which is GFP positive. 

3.4. Discussion and conclusion 

Sporotrichosis is nowadays the most prevalent and distributed subcutaneous mycosis worldwide. 

The most virulent etiological agent of this disease is S. brasiliensis, but the virulence mechanism behind 

it is still unclear (50). There is yet a limited genetic manipulation tool repertoire for the Sporothrix genus 

(110), hence the development of a system for its genetic manipulation was the main goal of this work. 

Agrobacterium tumefaciens-mediated transformation (ATMT) offers an efficient tool for random 

insertional mutagenesis and had already been performed in several different fungal species, including 

Sporothrix schenckii (89,92,98,103,116). Although ATMT has already been standardized for S. schenckii 

(98–100), besides Ferreiras’ work (109), the information about the use of this technique in S. brasiliensis 

is scarce (109). Therefore, we decided to develop and establish this methodology in S. brasiliensis. 

Several co-cultivation conditions already pre-established in other fungi were tested to evaluate 

their effect on S. brasiliensis ATMT efficiency, such as the effect of time, temperature, bacteria:fungi ratio, 

strains used, and type of sterile membrane used. All those variables can be of extreme importance for 

the transformation efficiency because they change the co-cultivation environment in which the 

transference of DNA from bacteria to fungal cells occurs (115).  

Concerning feasibility, some co-cultivation conditions had to be based on published studies. The 

bacteria:fungi mixture placed in membranes was air dried for 30 min in the flow chamber before 

incubation according to previous work (103). Moreover, it has been reported that T-DNA can be inserted 

not only into protoplasts but also into intact cells by ATMT (89), including S. schenckii cells (98–100), 

which avoided the laborious protoplasts preparation process. Additionally, yeast cells were used in the 

co-cultivation instead of conidia, since yeasts has being reported as easily transformed using the ATMT 

technique (115). 

The chromosomal background of the A. tumefaciens strain also plays an important role in the 

ATMT system efficiency. In addition to the function of the vir region, the recognition and binding of A. 

tumefaciens to the host surface also depends on the genes encoded in the bacterial genome (121). In 

addition to the A. tumefaciens strain, the ideal bacteria:fungi ratio depends on the transformation system 

and fungi species since the addition of both bacterial or fungal cells can decrease or enhance the ATMT 
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efficiency (115). Several experiments have proven those claims empirically, even with S. schenckii ATMT 

(92,98,116). The three A. tumefaciens strains used, LBA1100, EHA105 and AGL-1, harboring the 

plasmid pUR5750, showed different efficiencies during the ATMT procedure. However, there were no 

significant efficiency differences between strains in the 1:1 ratio of co-cultivation, only when the 2:1 ratio 

was applied. In this case, co-cultivation with AGL-1 strain showed more transformants (p<0.0001). This 

result is similar to Zhang’s work (98), indicating that the strain of A. tumefaciens used affects the efficiency 

of S. brasiliensis transformation, where AGL-1 is the more efficient one. Although EHA105 often showed 

more transformants than LBA1100 at the 2:1 ratio, it was not statistically significant. 

The co-cultivation time is a critical step in the transformation procedure, which varies according 

to Agrobacterium strains of and host species (122,123). Fewer transformants were observed with a 24h 

co-cultivation time (p<0.0104), as reported before (98,116,120). The incubation periods of 48h and 72h 

showed more transformants. 

In the ATMT technique with thermos-dimorphic fungi, the cells can be mixed for co-cultivation 

above different membrane materials, such as cellophane and Hybond™-N+ (102,104,105,116,120). S. 

schenckii has already been transformed using both cellophane and Hybond™-N+ membranes (98,99), 

while the only transformation protocol for S. brasiliensis until this present work used the Hybond™-N+ 

membrane (109). No statistical differences were observed between the sterile membranes Hybond™-N+ 

and Hybond™-C. 

The temperature is often described to affect ATMT efficiency, and optimal temperatures 

frequently range between 20ºC and 28ºC (103). ATMT protocols using S. schenckii were reported using 

the co-cultivation temperature from 25°C to 28°C (98–100) and in Ferreira’s work (109), between 25ºC 

and 27ºC, the last one produced more S. brasiliensis transformants. The chosen temperatures to be 

tested were 26°C and 28°C, where the colder one produced more transformants and biofilm. Lastly, all 

S. brasiliensis strains available in the laboratory were used to compare ATMT efficiency. The S. brasiliensis 

strain ATCC MYA-4824 did not grow properly in YPD, BHI, or BD Sabouraud Glucose, which difficulted 

the implementation of the ATMT protocol, possibly impacting its efficiency. While the ATCC MYA-4824 

strain showed few transformants, ATCC MYA-4823 and HUPE 114158 strains showed, on average, 

thousands of transformants, with no statistical difference between them. 

Our results point to 72h of co-cultivation at 26°C, the AGL-1 strain and the 2:1 ratio 

(bacteria:fungi) as ideal conditions for a high number of transformants. In these conditions, we obtained 

3179 ± 1171 transformants/co-cultivation. Our PCR analysis showed that all HygBR clones harboured the 

HPH gene.  
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Transformants mitotic stability is usually measured by analysing the stability of resistance gene 

marker used to transform the fungi. Traditionally, randomly-selected transformants are successively 

cultured on plates without the selective marker for three to five generations, to then be plated again with 

selective medium. Mitotic stability is quantified by the percentage of transformants that survive and grow 

in this selective medium by maintaining the resistance gene inside its genome (99,116,117,124). Our 

approach relied in the same principle, where mitotic stability was measured by the persistence of the GFP 

gene inside the genome of the pGAPDH::GFP transformants. All the selected transformants were 

mitotically stable. 

In conclusion, the present work contributes to the implementation of an efficient ATMT protocol 

for the generation of a S. brasiliensis mutant library, a valuable asset to uncover the association between 

gene functions and virulence traits of this emerging and highly virulent pathogen. 
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Macrophage infection and fungicidal assays with 
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Abstract 

Inside the Sporothrix pathogenic clade, S. brasiliensis is the most virulent species. Since the discovery of 

autofluorescence proteins, strains expressing GFP have become a powerful tool, which can help better 

understand the pathophysiology of several pathogens, including S. brasiliensis. Strains expressing GFP in 

the nucleus (H2A::GFP) and the cytoplasm (pGAPDH::GFP) created in our laboratory were used to assess 

their applicability as tools for the evaluation of several in vitro assay antifungal mechanisms of immune 

cells. No statistical difference in cytokine production was observed between stimulation with wildtype or 

pGAPDH::GFP strain. The pGAPDH::GFP strain was used to infect both PBMCs and hMDMs for 2 hours, 

at the MOI of 1:5. In both cases, we were able to visualize a strong GFP fluorescence inside the 

monocytes/macrophages, in both microscopic and FACS analysis. These results demonstrate the 

applicability of the pGAPDH::GFP strain in infection experiments. On the other hand, the results obtained 

with pGAPDH::H2A::GFP S. brasiliensis strain were not promising. In all the fungicidal experiments 

performed, this strain failed to provide a binary correlation between the loss of nucleus GFP fluorescence 

and loss of fungal viability or fungal death. Further experiments are required and may provide a correlation 

between the percentage of mean GFP intensity lost and cell viability markers. Additionally, upon 

monocytes/macrophages' engulfment, the GFP fluorescence from this strain became undetectable by 

FACS and microscopy. 

4.1. Introduction 

Sporotrichosis has become a public health concern as is the most prevalent subcutaneous 

mycosis worldwide (1). Within the Sporothrix pathogenic clade, the most virulent species with the most 

impactful clinical manifestations is S. brasiliensis (1,18,48–51,125). The limited repertoire of genetic 

manipulation tools for the Sporothrix genus limits the research in S. brasiliensis pathophysiology (54,110). 

Autofluorescent proteins, such as the green fluorescent protein (GFP), are convenient tools that assist 

experimentation and research with intact living cells and organisms in fields ranging from cell biology to 

biomedicine (126,127). Their use has already been reported on a broad spectrum of cells, such as 

protozoa, fungi, plants, animals, and viruses (128–132). Even though several methods to detect 

apoptosis are currently available, many are laborious process that often require additional use of dyes, 

specific substrates, enzymes, or antibodies. The use of GFP strain cells has already been used to detect 

the induction of apoptosis, necrosis and cytotoxicity, which can help avoid other work-intensive and 

resource-intensive screening procedures (133,134). 
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The exact role of immune cells in Sporothrix spp. infection is not yet fully elucidated, but 

macrophages are probably the most important immune cells for containing and terminating sporotrichosis 

(68,69) since their phagocytic activity plays a crucial role in surveillance and clearance of fungal 

pathogens (70,71). GFP-expressing strains have also been used to study the interaction of macrophages 

with bacteria and fungi (135–138). Although S. schenckii strains expressing GFP have already been 

produced (99), currently there is no report of S. brasiliensis strains expressing GFP, and their interaction 

with macrophages. 

4.2. Materials and Methods 

4.2.1. Ethics statement.  

The functional experiments involving cells isolated from the peripheral blood of healthy volunteers 

at Hospital of Braga, Portugal, were approved by the Ethics Subcommittee for Life and Health Sciences 

(SECVS) of the University of Minho, Portugal (no. 014/015). Experiments were conducted according to 

the principles expressed in the Declaration of Helsinki, and participants provided written informed 

consent. 

4.2.2. Microorganism and cell culture conditions 

S. brasiliensis strains expressing GFP in the cytoplasm (pGAPDH::GFP, Figure 19A) and the 

nucleus (pGAPDH::H2A::GFP, Figure 19B) were designed and produced in the lab by collaborators (Table 

3). To that end, plasmid DNA extraction, recombinant DNA manipulation and E. coli and A. tumefaciens 

transformation procedures were performed as reported elsewhere (139,140). S. brasiliensis strains 

expressing GFP were produced through the ATMT protocol established in the previous chapter. All S. 

brasiliensis strains used in this chapter were cultured at 37°C in a selective YPD (pH = 7.8) medium with 

HygB (150 µg/mL), thus ensuring the presence of the GFP gene. All cultures were maintained at 4°C for 

short-term storage and were routinely sub-cultured every 4–6 weeks. Exponential growth yeast cells were 

obtained through sterile gaze filtration after a 24h incubation at 37°C in a selective YPD medium (pH = 

7.8). 

 

Table 3. Table explaining the details from both S. brasiliensis GFP strains used in this thesis. 

Mutant name Fluorescence Promotor Region of expression Origin 

pGAPDH::GFP GFP pGAPDH Nucleus Figure 19a 

pGAPDP::H2A::GFP GFP pGAPDH Cytoplasm Figure 19b 
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(B) 

 
Figure 19. S. brasiliensis strains expressing GFP. Bright-field and FITC and DAPI channels were captured and 

merged with the Olympus Widefield Upright Microscope BX61, by either bright-field or fluorescent microscopy. The scale 

bar equals 10μm for both images. (A) Yeast pGAPDH::GFP cells expressing GFP in the cytoplasm with high levels of FITC 

fluorescence. (B) Yeast cells from the pGAPDH::H2A::GFP strain expressing GFP in the nucleus with high levels of FITC 

fluorescence. The nucleus was stained with 0.1µg/mL of Invitrogen™ DAPI and colocalization was observed. 

 

Several steps were required to obtain human peripheral blood mononuclear cells (PBMCs) and 

human macrophages (hMDMs). Firstly, a 50mL falcons containing 15mL of Histopaque®- 1077 (Sigma-

Aldrich) got 15mL of blood received from healthy donors slowly poured against the wall over the 

histopaque (1 blood: 1 histopaque). The falcons with the solution were centrifuged 400 x g for 30 min, 

with acceleration 3 and deceleration 1, and the serum was removed. After that, the ring of PBMCs is 

removed and distributed to 4 falcons of 15mL. These falcons are then washed with sterile commercial 

PBS (1x, Thermo Fisher Scientific), by filling them with the solution, centrifuging at 250 x g for 10 min, 

with acceleration 9 and deceleration 9, and carefully discarding the supernatant. After a cellular 

suspension of the 4 falcons in only 2 falcons (2-4 mL maximum per falcon) with sterile commercial PBS 

(1x), the remaining falcons are filled with red blood cells lysis buffer (155mM NH4Cl, 10mM KHCO3, 

0.1mM EDTA, pH 7.3) and inverted gently. The solution is centrifuged at 250 x g for 10 min, with 

acceleration 9 and deceleration 9, the supernatant is carefully discarded, and the pellet is resuspended 

again in sterile and commercial PBS (1x). Both cellular suspensions are joined in only one falcon, the 

solution is washed again, and the PBMCs are counted using a Neubauer chamber. Lastly, the PBMCs 

were poured inside 24-well cell culture plates (SPL Life Sciences, Pocheon-si, Korea) with 500µL of cRPMI 

1640 medium (Thermo Fisher Scientific) and infected with pGAPDH::GFP S. brasiliensis yeast cells. 

To obtain human macrophages, PBMCs were acquired using the same protocol described above. 

After the Neubauer chamber count, the volume necessary to obtain 100 x 106 cells is distributed to an 

Eppendorfs, which is centrifuged at 2000 rpm for 5 min. The supernatant is discarded, the pellet is 

resuspended in 400µL of sterile MACS buffer (DPBS solution with 0.5% BSA, 2 mM EDTA, pH 7.2) and 
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25µL of CD14 Microbeads (Miltenyi Biotec®) per Eppendorf was added. After incubation at 4°C for 30 

min, their content is transferred to 15 mL falcons, and 5 mL MACS buffer is added to wash as the solution 

is centrifuged at 300 x g for 10 min, supernatant is removed and the pellet is resuspended in 500µL of 

MACS buffer. MACS® columns (Miltenyi Biotec®) are used to isolate monocytes by passing the volume 

of 2 falcons per column (200 x 106 cells/column, maximum). Each column is washed 3 times with 500µL 

of MACS buffer, thus removing non-CD14 cells. Each column then is placed inside 15mL falcons, 1mL 

of MACS buffer is added and the volume inside each column is pressed with a syringe to be poured from 

the column into the falcon. Lastly, after a Neubauer chamber count, monocytes are primarily obtained by 

culturing the cells in a cRPMI-1640 medium in a concentration of 1x106 cells/mL with 20ng/mL of GM-

CSF. Cells were maintained at 37°C in an incubator in a humidified atmosphere with 5% CO2. The culture 

medium was renewed every three days for seven days. 

4.2.3. Analysis of the correlation between loss of GFP fluorescence and cell death 

To analyse the correlation between the loss of GFP fluorescence and cell death, several fungicidal 

experiments were performed with the S. brasiliensis ATCC 4823 strain pGAPDH::H2A::GFP (Figure 17b), 

which confers the expression of the fluorescence proteins GFP in the nucleus (Table 3). The first step was 

to evaluate the macrophage fungicidal activity in this strain as well as to correlate the loss of GFP 

fluorescence and cell death. Then, heat-fungicidal and ultra-violet-fungicidal assays were also performed 

for a proper interpretation of the result from the macrophage-fungicidal experiments. The protocol for 

each assay will be further described below, but all had the same evaluation methods, besides some minor 

alterations. 

After each period of incubation, at each condition, a portion of cells was fixed with 

paraformaldehyde at a concentration of 2% for 15 minutes at 4°C and five thousand events were captured 

using Fluorescence-activated cell sorting (FACS). The wild-type MFI was used to determine the MFI 

autofluorescence threshold, and consequently the percentage of population cells that did not express GFP 

after each incubation period, as illustrated in Figure 20. Lastly, each condition had its number of cells 

measured by plating a 1:10000 dilution in a YPD (pH 7.8) solid medium, both before and after the 

fungicidal assay. 
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Figure 20. Schematic of S. brasiliensis pGAPDH::H2A::GFP loss of GFP fluorescence upon cell death. The 

dot plot of side scatter (SSC-A LOG) versus green fluorescence intensity (FITC-A) shows the higher MFI of GFP positive cells 

(pGAPDH::H2A::GFP) when compared with wild-type cells. In the lower right area of the graph, there is a microscopic image 

of the S. brasiliensis pGAPDH::H2A::GFP. Upon cell death, it is hypothesised that pGAPDH::H2A::GFP strain would lose the 

GFP in the nucleus, shifting the population towards the wild-type autofluorescence threshold inside the dot plot. 

4.2.3.1. Macrophage-fungicidal experiments 

Exponential growth yeast cells of S. brasiliensis pGAPDH::H2A::GFP were filtered with sterile 

gauze and stained with Alexa Fluor™ 647 for 40 minutes at RT while shaking and covered with aluminium 

foil. They were used to infect 48-well cell culture plates (SPL Life Sciences, Pocheon-si, Korea) with 250µL 

of cDMEM and 2.5 x 104 cells per well. To achieve an MOI of 10:1, each well was infected with 20µL 

containing 2.5 x 103 cells. Yeast cells were counted using Neubauer chambers with Ten-fold dilutions 

using Trypan Blue (1:10) (Gibco, California, USA), to also considerate fungal viability. Although Sporothrix 

spp yeast cells are prone to group, cell clusters where not counted as single cells and each cell was 

counted individually. 

The inoculum was diluted to 1:500 and plated in YPD (pH 7.8) solid medium. After infection, 

plates were briefly centrifuged, allowing the fungus to be moved near the macrophages, and incubated 

at 4°C for 30 minutes, lowering PBMC metabolic and effector activities, assuring phagocytosis started 

simultaneously during the incubation periods at 37°C, 5% CO2. After the incubation period of 1h, 

supernatants were removed, 250µL of cDMEM was added per well, and another incubation occurred, at 

37°C, with 5% CO2 for 2h. After the fungicidal protocol, plates were analysed either microscopically or 

using FACS.  

To analyse microscopically, plates had their supernatant removed, were washed with PBS, 

stained with 100µL of calcofluor-white (CFW, 0.1mg/mL, Sigma-Aldrich, 10 minutes at RT) to allow the 

visualization of fungi adhered to the macrophage cell membrane, and fixed with 110µL of Formalin 10% 

for 10 minutes. Fluorescence microscopy analyses were performed with the Olympus Widefield Upright 
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Microscope BX61, by either bright-field (upper panel) or fluorescent microscopy (lower panels). All images 

were captured using 395nm/509nm for excitation and emission, respectively, and exposition time to the 

laser beam was automatically set. All images were captured using 395nm/509nm for excitation and 

emission, respectively, and exposition time to the laser beam was automatically set. Images were treated 

in the ImageJ© v1.8 software (https://imagej.nih.gov/ij/). 

In the second technique, the plate was frozen at -80°C overnight and thawed at 37°C, 5% CO2 

for 30 min, to disrupt macrophage cell membranes and liberate yeast cells to the supernatant. 150µL of 

each well was stained with 3µL of PI (50ng/mL) and analysed in FACS, while the lasting 100µL was 10-

fold diluted and plated in YPD (pH 7.8) solid plates. The percentage of population cells that did not express 

GFP and the PI-positive population were measured in FACS and compared with the relative fungicidal 

percentage from the CFU counted in the YPD (pH 7.8) solid plates after incubation at 37°C for 7 days.  

4.2.3.2. Heat-fungicidal experiments 

Exponential growth cells were acquired through culture at 37°C for 24h in a liquid YPD (pH 7.8) 

medium and sterile gaze filtration. The concentration of cells was adjusted by OD660nm to 107 cells/mL per 

condition. Two assays with different techniques were used to evaluate the correlation between loss of 

GFP fluorescence and cell death on heat-fungicidal experiments. 

To perform the heat-fungicidal assay at 50°C, 50 ml of YPD (pH 7.8) containing 

GAPDH::GFP::H2A cells at the concentration of 107 yeast cells/mL were poured into a 250 ml Erlenmeyer 

flask and incubated in an incubator shaker at 50°C for 180 minutes. At the incubation periods of zero, 

60, 120 and 180 minutes, cells were fixed and analysed using FACS. Each sample was diluted and 

plated, both before and after the fungicidal assay, as described priorly.  

To perform the heat-fungicidal assay at 65, 75 and 85°C, microtubes with 2mL of Phosphate-

buffered saline (PBS) with 107 yeast cells/mL of S. brasiliensis pGAPDH::H2A::GFP strains were incubated 

in a thermoblock at 65, 75 and 85°C for 30 minutes. At the incubation periods of zero, 10, 20 and 30 

minutes, cells were fixed and analysed using FACS. Each sample was also diluted and plated, both before 

and after the fungicidal assay, as described priorly. 

4.2.3.3. Ultra-violet-fungicidal experiments 

Exponential growth cells were acquired through culture at 37°C for 24h in a liquid YPD (pH 7.8) 

medium and sterile gaze filtration. The concentration of cells was adjusted by OD660nm to 107 cells/mL per 

condition. To perform this assay, S. brasiliensis yeasts expressing GFP in the nucleus 

https://imagej.nih.gov/ij/
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(pGAPDH::H2A::GFP) at a concentration of 107 cells/mL were cultured in Petri dishes with 15mL of 

Phosphate-buffered saline (PBS) with a spinning magnet to promote shaking inside a safe cabinet with 

the UV lamp turned on. The plates had their cover removed and were positioned near the UV lamps, 

radiating light at a wavelength of 254 nm (UV-C band), to promote proper DNA damage and cellular 

apoptosis. At the incubation periods of zero, 60, 120, 180 and 240 minutes, cells were fixed and analysed 

using FACS. Each sample was diluted and plated, both before and after the fungicidal assay, as described 

priorly. 

4.2.4. Cytokines production assays 

To compare the cytokines production between PBMCs and hMDMs upon infection with wildtype 

and pGAPDH::GFP S. brasiliensis cells, exponential growth yeast cells were filtered, washed with PBS, 

counted, and resuspended to the desired infecting concentration in 20µL of PBS. Cells were counted 

using Neubauer chambers with Ten-fold dilutions using Trypan Blue (1:10) (Gibco, California, USA), to 

also considerate fungal viability. Although Sporothrix spp yeast cells are prone to group, cell clusters 

where not counted as single cells and each cell was counted individually. To achieve MOI of 1:10, each 

well containing 0.5 x 106 macrophages/monocytes was infected with 5 x 106 yeast cells in a 24-well plate 

(SPL Life Sciences, South Korea). After infection, plates were briefly centrifuged, allowing the fungus to 

get close to the macrophages/PBMCs, and incubated at 4°C for 30 minutes, lowering macrophage and 

PBMCs metabolic and effector activities, promoting phagocytosis. Cells were incubated at 37°C, 5% CO2, 

for 20h. After incubation, supernatants were collected and stored at -20°C for cytokine measurements.  

Cytokines were measured with the LEGENDplex™ Human Macrophage/Microglia Panel (13-plex, 

BioLegend®, USA), following the manufacturer’s instructions. Briefly, samples were incubated with the 

fluorescent beads and incubated for 2h at room temperature. After incubation, beads were washed 

through centrifugation and addition of wash buffer. Then a cocktail of detection antibodies was added to 

the beads, following an incubation of 1h.  After incubation, the subtract Streptavidin-PE (SA-PE) was added 

to bind to the detection antibodies and beads were incubated for 30minutes. After incubation, beads were 

washed again and resuspended in wash buffer. The data from each sample were acquired on LSRII flow 

cytometer (BD Biosciences) using DIVA software and data was analyzed using the BioLegend’s 

LEGENDplex™ Data Analysis Software©. 
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4.2.5. Phagocytosis assays 

Exponential growth yeast cells of S. brasiliensis pGAPDH::GFP were used to infect, PBMCs and 

human macrophages (hMDMs) in 24 or 48-well cell culture plates (SPL Life Sciences, South Korea). Yeast 

cells were filtered, washed with PBS, counted, suspended, and strained with CFW (0.1mg/mL, Sigma-

Aldrich, 30 minutes at RT while shaking). After that, they were washed three times with PBS X1 and 

resuspended to the desired infecting concentration in 20µL of PBS. Cells were counted using Neubauer 

chambers with Ten-fold dilutions using Trypan Blue (1:10) (Gibco, California, USA), to also considerate 

fungal viability. Although Sporothrix spp yeast cells are prone to group, cell clusters where not counted 

as single cells and each cell was counted individually. To achieve MOI of 1:5, each well containing 0.5 x 

106 cell was infected with 20µL containing 2.5 x 106 yeast cells. The inoculum was also diluted to 1:500 

and plated in YPD (pH 7.8) solid medium. After infection, plates were briefly centrifuged, allowing the 

fungus to be pushed near the macrophages, and incubated at 4°C for 30 minutes, lowering cell metabolic 

and effector activities, assuring phagocytosis started simultaneously during the incubation periods at 

37°C, 5% CO2. Phagocytosis occurred for 2h at 37°C, with 5% CO2.  

To perform the FACS analysis, plates had their supernatant removed, were washed with PBS, 

and incubated with 250µL of Accutase™ (GRiSP, Portugal) at 37°C for 10 minutes. Cells were then 

dislodged with a pipette into a 96-well u-shaped cell culture plate and stained with Brilliant Violet 650™ 

anti-human CD14 Antibody (Biolegend®, USA) for 10 minutes at room temperature. Plates had their 

supernatant removed, 100µL of PBS was added and cells were analyzed in FACS, as illustrated by the 

gate strategy in Figure 21. 

 

Figure 21. Schematic of the gating strategy used to analyse phagocytosis in FACS. (A) Gating strategy used 

to analyse phagocytosis in PBMCs. (B) Gating strategy used to analyse phagocytosis in hMDMs. 
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To perform the microscopic phagocytosis analysis, plates had their supernatant removed, were 

washed with PBS and each well had the number of internalized fungi inside macrophages counted using 

the Olympus Widefield Upright Microscope BX61, by either bright-field (upper panel) or fluorescent 

microscopy (lower panels). All images were captured using 395nm/509nm for excitation and emission, 

respectively, and exposition time to the laser beam was automatically set. Images were treated in the 

ImageJ© v1.8 software (https://imagej.nih.gov/ij/). The percentage of phagocytosis was measured 

based on the GFP fluorescence of the pGAPDH::GFP strain and according to this subsequent formula: 

𝐏𝐡𝐚𝐠𝐨𝐜𝐲𝐭𝐨𝐬𝐢𝐬 % = (
number of Monocytes/macrophages with internalized yeast

number of Monocytes/Macrophages in the same field
) X 100% 

An additional step was performed in the infection protocol of macrophages. To measure the 

number of adhered yeast to the macrophage cell membrane, each well was stained with calcofluor (CFW, 

0.1mg/mL, Sigma-Aldrich, 10 minutes at RT) before the infection period. Lastly, the percentage of 

adhered yeast cells was compared to the total amount of macrophages, by FACS and microscopy. 

4.2.6. Statistical analysis 

Data from the evaluation of phagocytosis indexes and fungicidal activities were obtained on a BD 

FACS LSRII instrument (B.D. Biosciences) and an Olympus Widefield Upright Microscope BX61. Data 

were processed using FlowJo© v.10 software (Tree Star Inc., https://www.flowjo.com/) and ImageJ© v.1.8 

software (https://imagej.nih.gov/ij/). Data are reported as the mean ± standard error of the mean (SEM) 

of at least two independent assays with two or three replicates. The statistical analysis was performed 

using GraphPad Prism Software version 8.0 (GraphPad Software Inc, USA, 

https://www.graphpad.com/scientific-software/prism/). The normality assumptions were assessed in all 

cases using the Shapiro-Wilk test. Comparing phagocytosis indexes and the percentage of dead cells upon 

fungicidal experiments were made by either One-Way ANOVA or Two-Way ANOVA. Statistically significant 

values are indicated as follows: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 and ****p ≤ 0.0001. 

4.3. Results 

4.3.1. Analysis of the correlation between loss of GFP fluorescence and cell death 

 
Microscopic analysis showed that, upon phagocytosis, the pGAPDH::H2A::GFP fluorescence 

intensity was not strong enough to be distinguish from the macrophages autofluorescence (data not 

shown). Additionally, after 1 hour of phagocytosis and 2 hours of fungicidal activity, three cell death 

https://imagej.nih.gov/ij/
https://www.flowjo.com/
https://imagej.nih.gov/ij/
https://www.graphpad.com/scientific-software/prism/
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parameters were compared (Figure 22). Even though 73.24 ± 7.27% of the cells still had their GFP 

fluorescence, only 45.11 ±12.38% of them were alive (PI-negative). Additionally, from an inoculum 

containing 4,625 x 104 yeast cells, only 23.96 ± 2.154% of cells appeared as CFU in the YPD plates after 

the fungicidal procedure, despite 73.24± 7.27% of them still had a GFP-fluorescence above the wildtype 

autofluorescence threshold. These results demonstrated that the loss of cell viability or cell death does 

not correlate with the loss of GFP fluorescence while using the pGAPDH::H2A::GFP S. brasiliensis strain. 

Further fungicidal assays were performed to evaluate this hypothesis. 
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Figure 22: Analysis of the correlation between loss of GFP fluorescence and cell death by Macrophage-

fungicidal assay. The PI-negative bar depicts the percentage of cell survival ± SEM (n=7). The FITC positive bar shows 

the percentage of cells ± SEM which express GFP fluorescence (n=7). The CFU bar represents the percentage of CFU ± 

SEM present in the plated YPD medium (n=7). Statistically significant data was determined by One-Way ANOVA by Tukey's 

multiple comparisons test. 

 

As shown in Figure 23, in fungicidal assays with ultraviolet radiation and incubation with high 

temperatures, the promotion of cell death once again did not correlate with the loss of GFP fluorescence 

by pGAPDH::H2A::GFP S. brasiliensis strain. When those cells were submitted to the incubation 

temperatures of 50 and 65°C and ultraviolet radiation, although no CFU was present in the YPD plates, 

meaning cells were no longer viable, at least 95% of those cells still had the GFP fluorescence beyond the 

wild-type autofluorescence threshold. Even after incubation of 30 minutes with the higher temperatures 
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of 75 and 85°C, at least 11 and 7% of cells respectively still emitted a GFP fluorescence intensity above 

the wild-type autofluorescence threshold while no CFU was present in the YPD plates. 
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Figure 23: Analysis of the correlation between loss of GFP fluorescence and cell death by Heat-fungicidal 

assay. The pGAPDH::H2A::GFP S. brasiliensis strain was used in all assays. (A) Analysis of the correlation between loss 

of GFP fluorescence and cell death by several heat fungicidal assays. Bars depict the percentage of yeast cells present in 

the plated YPD medium before (white bar, at the left y axis) and after (black bars, at the right y axis) 30 and 180 minutes 

of incubation (n=4). Dots represent the percentage of cells that expressed GFP fluorescence throughout the incubation 

periods, for each incubation temperature (n=4). (B) Analysis of the correlation between loss of GFP fluorescence and cell 
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death by Ultraviolet-killing. Bars depict the percentage of cells present in the plated YPD medium before (white) and after 

(black) the U.V. radiation (n≥4). Green dots represent the percentage of cells that expressed GFP fluorescence throughout 

the same period (n≥4). 

4.3.2. Cytokines measurement 

The production of pro and anti-inflammatory cytokines in human PBMCs were evaluated after 

24h of exposure to yeasts of wild-type and pGAPDH::GFP S. brasiliensis cells. As demonstrated in Figure 

24A, B and C, the levels of TNF, IL-6 and IL-10 was higher in stimulated wells (p≤0.05), regardless of the 

fungal strains used, wildtype or pGAPDH::GFP. No statistical difference in cytokine production was 

observed between stimulation with wildtype or pGAPDH::GFP yeast cells in those three cytokines. 

N
o 

st
im

ul
i

W
ild

ty
pe

pG
A
P
D
H
::G

FP

0

100

200

3000

6000

9000

12000

TNF-

p
g
/m

L

✱✱✱✱

✱✱✱✱

N
o 

st
im

ul
i

W
ild

ty
pe

pG
A
P
D
H
::G

FP

0

100

200
2000

4000

6000

8000

10000

12000

IL- 6

p
g
/m

L

✱

✱

N
o 

st
im

ul
i

W
ild

ty
pe

pG
A
P
D
H
::G

FP

0

5

10

15

20

25

30

35

IL-10

p
g
/m

L

✱✱

✱

(A) (B) (C)

 

Figure 24. Stimulation of PBMCs with S. brasiliensis wild-type and pGAPDH::GFP cells results in high 

production of cytokines. Bars depict the concentration of TNF-α (A), IL-6 (B) and IL-10 (C) after 20h of stimulation with 

wild-type (black) and pGAPDH::GFP (green) cells. The data were expressed as mean ± SEM. Statistically significant data 

was determined by One-Way ANOVA by Tukey's multiple comparisons test (n≥3). 

4.3.3. Phagocytosis analysis using the pGAPDH::GFP strain 

The GFP fluorescence of the pGAPDH::GFP strain was used as parameter to measure the 

percentage of phagocytosis in the infection assays with PBMCs and hMDMs. Infection occurred for two 

hours in a MOI of 1:5. Analysing by FACS, the percentage of phagocytosis with CD14+ PBMCs was 56.18 

± 1.78%, and 61.48 ± 4.32% with hMDM. Analysing by microscopy, the percentage of phagocytosis of 

PBMCs (CD14+) and hMDM were, respectively, 54.83 ± 2.20 and 64.25 ± 4.07. No statistical difference 

was observed between the percentage of phagocytosis (n≥6, Two-Way ANOVA by Tukey's multiple 
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comparisons test), as depicted in Figure 25A. Furthermore, pGAPDH::GFP S. brasiliensis cells exhibited 

a strong GFP autofluorescence upon phagocytes engulfment (Figure 25B, C). 

Only in the hMDM infection protocol, calcofluor-white was used post-infection to stain the fungal cell 

adhered to the macrophages’ cell membrane. In that case, the percentage yeast cells adhered was 9.34 

± 2.42% and 6.39 ± 1.90%, according to the FACS and microscopic analysis, respectively (Figure 25D). 

Figure 25C illustrates the blue layer (CFW staining) overlaying with the FITC layer, revealing the non-

phagocytosed but adhered yeast cells. 
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Figure 25. Phagocytosis assay analysis using S. brasiliensis pGAPDH::GFP strain to infect PBMCs and hMDMs. 

(A) Comparison of phagocytosis between human monocytes and macrophages of S. brasiliensis pGAPDH::GFP yeast cells at 
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the MOI of 1:5. Both FACS and microscopic techniques to count phagocytosis were compared. Bars depict the percentage of 

phagocytosis ± SEM (n≥6). No statistical difference was observed. (B) The green layer and bright fields were merged to visualize 

GFP fluorescence of the pGAPDH::GFP strain inside cd14+ PBMCs. (C) Blue layer (CFW staining) overlaid with the FITC layer 

revealing the difference between phagocytosed and non-phagocytosed but adhered yeats. (D) Percentage of phagocytosis 

obtained by infecting hMDM at an MOI of 1:5 for 2 hours. The green bars depict the mean percentage ± SEM of 

internalized/adhered GFP-expressing yeast cells, while the blue bars show the mean percentage ± SEM of adhered cells within 

the GFP-positive macrophages, relative to the total macrophage population. Internalization and adherence percentages are 

compared between from FACS and microscopy analyses. Scale bars equal 50 μm for all images. 

4.4. Discussion and conclusion 

Several fungicidal assays evaluated the loss of cell viability or cell death with the loss of GFP 

fluorescence of the pGAPDH::H2A::GFP S. brasiliensis cells (nucleus GFP expression). Firstly, the 

fungicidal assay performed with hMDMs failed make this correlation (Figure 22), thus requiring further 

inquiry. With that in mind, fungicidal experiments by incubation high temperatures were realized and 

failed to demonstrate a correlation between the loss of GFP fluorescence and cell viability (Figure 23). 

Despite all of them having no cell viability after the incubation period at 50 and 65°C, the GFP 

fluorescence was still present. Only in the higher temperatures of 75 and 85°C, which are known to 

cause GFP denaturation (141), the GFP fluorescence decayed. Since the DNA is main molecule damaged 

by ultraviolet radiation (142,143), pGAPDH::H2A::GFP cells were submitted to this radiation in a 

fungicidal assay, to confirm if the MFI decayed due to the protein denaturation instead of the loss of cell 

viability. The results were like the fungicidal assays by temperatures of 50 and 65°C, meaning cell viability 

was completely impaired while GFP still emitted fluorescence. These results corroborate with authors who 

claim the GFP may not show a significant difference between live and apoptotic populations, thus requiring 

a multiparametric assay for a more precise interpretation of cell viability (144). Perhaps, a thorough 

analysis could correlate the percentage of mean GFP intensity lost with cell viability markers (133,134), 

instead of the binary approach used in the gating strategy of the FACS in this thesis. Nevertheless, the 

GFP expression of pGAPDH::H2A::GFP strain was not intense enough to be distinguished from the 

macrophages/monocytes autofluorescence, which makes both the accounting of the phagocytosis index 

and the binary analysis of cell death not viable for this strain. 

S. brasiliensis pGAPDH::GFP yeasts (cytosolic GFP expression), were used to analyse 

phagocytosis. However, there is a small change the random insertion site of the Ti DNA inside the genome 

can alter the microorganism virulence and immunological interaction with the host (145). To evaluate 

that, the production of cytokines in human PBMCs were compared after 24h of exposure to yeasts of 
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wild-type and pGAPDH::GFP S. brasiliensis cells. As demonstrated in Figure 23, no statistical difference 

in cytokine production was observed between stimulation with wildtype or pGAPDH::GFP strain, 

supporting the conclusion that this GFP tag strain is not immunologically inert and therefore, can be used 

in immunological assays. 

Monocytes can differentiate into either macrophages or dendritic cells, whose three main 

functions are phagocytosis, antigen presentation and cytokine production. (146). These cell types, 

together with neutrophils and mast cells are recognized to function as professional phagocytes (147). S. 

brasiliensis pGAPDH::GFP yeasts (cytosolic GFP expression), were used to analyse phagocytosis and, like 

other studies, the GFP fluorescence was intense enough to be visible after phagocytosis both in the 

microscopic and FACS analysis (138,148–150).  

Few articles have reported the phagocytosis index while using S. brasiliensis. Ferreira's work 

(109) obtained percentages of phagocytosis ranging from 70 to 90% while using the MOI (hMDM:fungi) 

of 1:3 and an incubation period of 2 hours. Our experiments used the MOI of 1:5 and found a lower 

phagocytosis percentage of 64.25 ± 9.96%. In Rossato’s experiments (77,78), when using BMDMs at 3h 

of incubation and an MOI of 1:5, the phagocytosis index was on average 70%, but the method used to 

count the inoculum was not clarified. These differences in the phagocytosis index might be caused by 

divergent Neubauer chamber counting methodologies. In the Neubauer chamber, the strategy for our 

work was to count each cell individually, despite any cell cluster. Since another possible methodology is 

to consider cell clusters as single counts, the resulting divergent inoculum concentration can difficult 

comparison between phagocytosis indexes.  

Concluding, from the two strains tested, only the pGAPDH::GFP S. brasiliensis strain proved to 

be useful in infection assays of monocytes/macrophages. Its cytoplasm GFP expression allowed a strong 

fluorescence visualization inside monocytes/macrophages, in both microscopic and FACS analysis. The 

pGAPDH::H2A::GFP S. brasiliensis strain, however, failed to provide a correlation between loss of cell 

viability or cell death and loss of GFP fluorescence, and its GFP fluorescence was not visible upon 

monocytes/macrophages engulfment. 
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Sporotrichosis is the most prevalent subcutaneous mycosis worldwide and has become a public health 

concern that will likely worsen in the future (Rodrigues et al., 2020). The etiologic agents of this disease 

are fungi often present in the pathogenic clade of the Sporothrix genus, inside the Ophiostomatales order, 

but some cases can be caused by the environmental clade, associated with the sapronoses form of 

sporotrichosis (1,3,16). Among the Sporothrix genus, S. brasiliensis is reported the most virulent, 

exhibiting the worst clinical manifestations (4,5). Infection mechanisms and virulence factors of Sporothrix 

organisms are not completely understood, while antifungal resistance reports and zoonoses cases are 

rising (7,151). For decades until the mid-1990s, feline sporotrichosis in Brazil appeared only as sporadic, 

self-limiting clusters. However, over the last decades in Brazil, the sporotrichosis epidemiological scenario 

changed drastically and became the most endemic country in the world (Rodrigues et al., 2020; Y Zhang 

et al., 2015). Rio de Janeiro state in is the greatest feline zoonotic transmission epicentre, with more than 

4,000 human and 4,000 feline diagnosed cases (Isabella D F Gremião et al., 2015). Similar epidemics 

also are occurring in São Paulo and Rio Grande do Sul states, with a high prevalence of S. brasiliensis 

infections (Rodrigues et al., 2016). Cats play an important role in the S. brasiliensis infection, due to their 

susceptibility to sporotrichosis and highly transmissibility to both felines and humans (Lloret et al., 2013; 

Y Zhang et al., 2015). Despite the increasing incidence of sporotrichosis, it is unclear which virulence 

traits are involved in the establishment, development, and severity of this disease. Therefore, in the long 

term we aim to contribute for the better understanding of this mycosis and S. brasiliensis virulence 

mechanisms. 

A widely used methodology to unravel virulence mechanisms for organism is the generation of mutant 

libraries that allow posterior studies of genes function (152). The genetic manipulation of 

thermodimorphic fungi is challenging due to the occurrence of non-legitimate recombination. However, 

genetic manipulation of thermodimorphic fungi have already been stablished through successful ATMT 

protocols, including Sporothrix spp. (98,103,109,153). Part of our work is an extension of Ferreira’s 

thesis (109), further optimizing the ATMT protocol for the S. brasiliensis species (Chapter 3), which can 

provide a mutant library to help uncover associations between gene functions and virulence traits of this 

emerging and highly virulent pathogen. We managed to produce mutants using three different S. 

brasiliensis strains. The ideal co-cultivation conditions for maximum transformation rates were 72h of co-

cultivation at 26°C while using the AGL-1 strain at ratio of 2 bacteria to 1 yeast cell. In these conditions, 

we obtained 3179 ± 1171 transformants/co-cultivation.  

The exact role of immune cells in Sporothrix infection is not yet fully elucidated. Still, macrophages are 

probably the most important immune cells for containing and terminating sporotrichosis (68,69) since 
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phagocytic activity plays a crucial role in the surveillance and clearance of fungal pathogens (70,71). With 

optimized ATMT protocol for S. brasiliensis, our group in the laboratory managed to produce strains that 

express GFP in the nucleus (pGAPDH::H2A::GFP) and the cytoplasm (GAPDH::GFP), to perform several 

fungicidal and phagocytosis experiments, respectively (Chapter 4). Phagocytosis protocols were inspired 

by Ferreira’s in vitro models (109). 

Our results using the pGAPDH::H2A::GFP S. brasiliensis strain in cell death assays, such as ultraviolet 

radiation, incubation with high temperatures, and macrophage-fungicidal, showed no correlation between 

the loss of cell viability and the loss of GFP fluorescence, as reported before (144). However, some authors 

managed to correlate the percentage mean GFP intensity lost with cell viability markers instead of the 

binary approach used in the gating strategy of the FACS in this thesis  (133,134). Perhaps, future 

experiments further correlating pGAPDH::H2A::GFP MFI-loss with cell viability markers could also show 

the same result. Furthermore, upon phagocyte’s engulfment, the GFP intensity of the pGAPDH::H2A::GFP 

cells became indistinguishable from macrophages/monocytes autofluorescence. These results make 

both phagocytosis and fungal death count not viable for this strain without the use of external stains. 

The GAPDH::GFP mutant proved to be a helpful tool for analysing phagocytosis in vitro. Like other studies 

with several microorganisms, the GFP expression from this mutant was intense enough to be visible after 

phagocytosis, both during the microscopic and FACS analysis (138,148–150). The phagocytosis index 

was, on average, 59.13 ± 7.01, a bit lower than Ferreira’s work (109), which divergent Neubauer 

chamber counting methodologies might cause. 

In conclusion, the ATMT protocol for S. brasiliensis was further optimized, allowing the creation of several 

mutants expressing fluorescent proteins. From these, two mutants were tested. The GAPDH::GFP S. 

brasiliensis mutant proved to be useful in infection assays of monocytes/macrophages. Its cytoplasm 

GFP expression allowed a strong fluorescence visualization inside monocytes/macrophages, visible in 

microscopic and FACS analyses. The pGAPDH::H2A::GFP S. brasiliensis mutant failed to provide a 

correlation between loss of cell viability or cell death and loss of GFP fluorescence, and its GFP 

fluorescence was not visible upon monocytes/macrophages engulfment. 

In the future, we intend to further transform fluorescent tag strains with mutations in their genome that 

could influence S. brasiliensis virulence. Our group has recently performed a dual RNA-sequencing on 

macrophages infected with S. brasiliensis and S. schenckii aiming to identify potential virulence factors 

that provide a competitive advantage to S. brasiliensis. This approach has revealed a specific 

transcriptome signature of S. brasiliensis absent in S. schenckii, where sialidase-1 was identified on the 
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top list of the up-regulated genes (upregulation of 700-fold). The creation and characterization of mutants 

that overexpress or silence sialidase-1 might help explain S. brasiliensis increased virulence. 
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