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Abstract
Fructooligosaccharides (FOS) are fructose-based oligosaccharides employed as additives to improve the food’s nutritional 
and technological properties. The rhizosphere of plants that accumulate fructopolysaccharides as inulin has been revealed 
as a source of filamentous fungi. These fungi can produce FOS either by inulin hydrolysis or by biosynthesis from sucrose, 
including unusual FOS with enhanced prebiotic properties. Here, we investigated the ability of Fusarium solani and Neo-
cosmospora vasinfecta to produce FOS from different carbon sources. Fusarium solani and N. vasinfecta grew preferentially 
in inulin instead of sucrose, resulting in the FOS production as the result of endo-inulinase activities. N. vasinfecta was also 
able to produce the FOS 1-kestose and 6-kestose from sucrose, indicating transfructosylating activity, absent in F. solani. 
Moreover, the results showed how these carbon sources affected fungal cell wall composition and the expression of genes 
encoding for β-1,3-glucan synthase and chitin synthase. Inulin and fructose promoted changes in fungal macroscopic char-
acteristics partially explained by alterations in cell wall composition. However, these alterations were not directly correlated 
with the expression of genes related to cell wall synthesis. Altogether, the results pointed to the potential of both F. solani 
and N. vasinfecta to produce FOS at specific profiles.
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Abbreviations
FOS	� Fructooligosaccharides
HPAEC/PAD	� High-performance anion exchange chro-

matography with pulsed amperometric 
detector

1-K	� 1-Kestose
6-K	� 6-Kestose

Introduction

Fructose-based polymers (fructans) and their oligomers 
called fructooligosaccharides (FOS) are carbohydrates used 
by many soil microorganisms as carbon sources. They lack 
nutritional value for humans since the required β-glycosidase 
activities for their hydrolysis in our digestive tract are absent. 
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However, these molecules exhibit prebiotic activity as they 
selectively stimulate the multiplication and the activity 
of beneficial intestinal bacteria such as bifidobacteria and 
lactobacilli (Le Bastard et al. 2020; Swanson et al. 2020). 
These microorganisms, as well as the metabolites resulting 
from fructan fermentation, have been associated with posi-
tive effects on intestinal functioning (de Vries et al. 2019), 
plasma cholesterol and triglyceride levels (Liu et al. 2017; 
Atef et al. 2020), bone health (Zaiss et al. 2019) and immune 
and inflammatory responses (Peshev and Van den Ende 
2014; McLoughlin et al. 2019), mimicking or improving 
the properties of conventional sugars, among other benefits. 
In addition, FOS are stable at high and low temperatures and 
are easily incorporated into food products, such as dairy, 
baked goods, cereals and beverages (Flores-Maltos et al. 
2016).

FOS can be found in plants, bacteria and fungi but are 
industrially produced from sucrose through microbial fruc-
tosyltransferases (EC 2.4.1.9) or β-fructofuranosidases 
(invertases, EC 3.2.1.26) with transfructosylating activity. 
These enzymes cleave the sucrose glycosidic bond and use 
the energy released to link the free fructosyl moiety to either 
sucrose or longer fructose-containing molecules, yielding 
inulin-type FOS, mainly represented by 1-kestose (GF2), 
nystose (GF3) and β-fructofuranosylnystose (GF4) (Singh 
et al. 2017; Sánchez-Martínez et al. 2020). FOS are also 
produced by enzymatic hydrolysis of inulin, a linear β-(2,1) 
polysaccharide found as storage carbohydrate in many plant 
species but extracted on an industrial scale predominately 
from chicory roots. Microbial endo-inulinases (EC 3.2.1.7) 
act on inulin, randomly hydrolysing the internal linkages 
yielding FOS (also called oligofructose) with a degree of 
polymerisation ranging from 2 to 8 (Singh et al. 2017; Singh 
and Singh 2010; Sánchez-Martínez et al. 2020).

Studies of fructan-accumulating plants from the Brazilian 
biome Cerrado showed the presence of filamentous fungi in 
their rhizospheres, including Fusarium solani (Mart.) Sacc. 
and Penicillium janczewskii Zaleski, capable of hydrolysing 
inulin. Other fungi, such as Neocosmospora vasinfecta E.F.Sm. 
and Gliocladium virens Mill., Giddens & Foster, were capable 
of synthesizing FOS from sucrose (Cordeiro-Neto et al. 1997; 
Figueiredo-Ribeiro et al. 2007, 2014; Pessoni et al. 2009; 
Fialho et al. 2013). Penicillium janczewskii, isolated from the 
rhizosphere of Chrysolaena obovata (Less.) Dematt., exhibits 
exo-inulinase activity on inulin, releasing free fructose in the 
culture medium (Pessoni et al. 1999). Figueiredo-Ribeiro et al. 
(2007) reported high inulinase specific activity in F. solani 
and P. janczewskii, indicating their potential for FOS produc-
tion. Subsequently, these authors also reported FOS production 
by N. vasinfecta, with the predominance of 1-kestose in both 
mycelium and culture filtrates (Figueiredo-Ribeiro et al. 2014). 
Despite the vast literature on this subject, there are no studies 

to date relating the influence of the carbon source on the FOS 
production by F. solani and N. vasinfecta.

FOS metabolism depends on the cell morphological integ-
rity since it is performed outside the fungal cells by enzymes 
secreted or attached to the cell wall. The cell walls of fila-
mentous fungi are complex structures composed mainly of 
β-glucans, consisting of β-1,3-linked glucose units, and chitin, 
a polymer of amino sugars, consisting of β-1,4-linked N-acetyl-
glucosamine units. This glucan–chitin complex is covalently 
bound to other polysaccharides. Proteins are also essential cell 
wall components and are associated with carbohydrates such 
as mannose and galactose, resulting in glycoproteins (Patel 
and Free 2019; Garcia-Rubio et al. 2020). Modifications of 
the nutritional availability can induce changes in the cell wall 
structure, affecting the morphology and integrity of the fun-
gal cells. Pessoni et al. (2005) reported cell wall structure and 
composition changes in P. janczewskii growing in different 
carbon sources. According to these authors, the growth in an 
inulin-based medium altered the fungal cell wall resulting in a 
thinner structure and increased chitin content than the growth in 
a sucrose-based medium. The enzyme secretion might also be 
one reason for cell wall changes. Indeed, strains of Trichoderma 
reesei Simmons genetically modified to increase protein secre-
tion showed increased chitin levels and decreased glucose and 
mannose levels in the cell wall (Perlinska-Lenart et al. 2006). 
Deletion of mannosyltransferase genes in Saccharomyces cer-
evisiae resulted in modifications in the protein glycosylation 
and increased cell wall porosity, which is often associated with 
hyperproduction of secretion proteins (Tang et al. 2016).

Most studies related to FOS production have been focused 
on Aspergillus and Penicillium, which produce inulin-type 
FOS. However, prospecting novel FOS-producing fungi is rel-
evant since they might produce uncommon FOS as levan and 
neolevan-type FOS. Compared to the traditionally commer-
cialised inulin-type FOS, these FOS have enhanced prebiotic 
properties and chemical stability. Therefore, this study aimed 
to investigate the effect of different carbon sources on FOS 
production by F. solani and N. vasinfecta through synthesis 
from sucrose and/or inulin hydrolysis and its relationship with 
cell wall composition and gene expression related to cell wall 
synthesis. Based on a previous screening of the fungal ability 
of FOS production, we selected F. solani and N. vasinfecta 
isolated from the rhizosphere of native fructan-accumulating 
plants as promising fungi for this study.

Materials and methods

Fungal strains

Fusarium solani (Mart.) Sacc. (URM 3338) and Neocosmos-
pora vasinfecta E.F.Sm. (URM 3329) were isolated from the 
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rhizosphere of Chrysolaena obovata (Less.) Dematt. (syn. 
Vernonia herbacea (Vell.) Rusby) and Viguiera discolor 
Baker, respectively, two Asteraceae species from the Bra-
zilian Cerrado (Cordeiro-Neto et al. 1997). The fungi are 
available in the Micoteca URM Culture Collection, Depart-
ment of Mycology, Centre of Biosciences, Federal Univer-
sity of Pernambuco, Recife, Pernambuco state, Brazil, which 
is part of the World Directory of Collections of Cultures of 
Microorganisms (WFCC) under the registration number 604.

Culture conditions

The fungi were cultured on potato dextrose agar (PDA) medium 
for 7 days at 28 ± 2 °C. A 9-mm-diameter disk of agar con-
taining mycelium was transferred to Czapek solid medium 
containing the following (g/L): NaNO3 (3), KH2PO4 (1), KCl 
(0.5), MgSO4·7H2O (0.5), FeSO4·7H2O (0.01) and agar (15). 
Fructose, glucose, sucrose, fructose + glucose (1:1) and inulin 
from chicory (Sigma-Aldrich®) at 10 g/L were used as car-
bon sources. The cultures were grown in the dark at 28 ± 2 °C 
for 14 days, and the colony diameter was measured every two 
days. For cultures in liquid media, three 9-mm-diameter disks 
with mycelium from PDA cultures were transferred to 250-mL 
Erlenmeyer flasks containing 50 mL of Czapek liquid medium 
with the same components described above except agar. The 
cultures were grown in the dark at 28 ± 2 °C with constant 
shaking (140 rpm). Every 5 days for 15 days, the mycelium 
was collected by filtration, thoroughly washed with deionised 
water and freeze-dried for dry matter determination, cell wall 
analyses and RNA extraction. The culture filtrates were used for 
pH measurement, sugars, extracellular proteins and enzymatic 
analyses. All experiments were performed using independent 
triplicates.

Quantification of sugars and extracellular proteins

Total and reducing sugars and extracellular proteins in the 
culture filtrates were determined according to Dubois et al. 
(1956), Miller (1959) and Bradford (1976), respectively. 
Glucose, fructose, sucrose and inulin were used as stand-
ards for sugar determinations and bovine serum albumin 
for protein analysis. All standards were purchased from 
Sigma-Aldrich®.

High‑performance anion‑exchange chromatography

For FOS analysis, 1 mL of culture filtrate samples was deion-
ised by ion-exchange chromatography in columns containing 
cationic (Dowex® 50 W × 8) and anionic (Dowex® 1 × 8) res-
ins (Sigma-Aldrich®). After deionisation, the pH was adjusted 
to 7.0 with 0.5 M ammonium hydroxide and the total sugar 
content was determined as mentioned above (Dubois et al. 
1956). The samples were filtered using 0.45-µm nylon filters 

(Millipore®) and analysed by high-performance anion-exchange 
chromatography with pulse amperometric detection (HPAEC/
PAD) on a Dionex ICS-3000 system with a CarboPac PA-1 col-
umn (4 × 250 mm), using a gradient of 500 mM sodium acetate 
in 150 mM sodium hydroxide (Shiomi et al. 1991; Vieira et al. 
1995). The peak identification was performed by comparison 
with the retention time of the commercial glucose, fructose, 
sucrose, 1-kestose and nystose standards (Sigma-Aldrich®), as 
well as 6-kestose kindly provided by Dr. Norio Shiomi (Rakuno 
Gakuen University, Ebetsu, Hokkaido, Japan). Further confir-
mation of the peak identities was accomplished by co-eluting 
some of the samples with authentic standards.

Inulinase activity

The sugars in the filtrates of 5-day-old cultures (inulin-based 
medium) were removed by size exclusion chromatography 
using Bio-Gel P6-DG spin columns (Bio-Rad®) (Pessoni et al. 
1999, 2007). The extract was assayed for enzyme activity 
using inulin from chicory (Sigma-Aldrich®) as substrate. The 
assay conditions consisted of a mixture of 100 μL of enzyme 
extract and 100 μL of 50 g/L inulin in 100 mM sodium ace-
tate buffer (pH 6.5). The mixture was incubated at 45 ○C for 
30 min, and the reaction was stopped by boiling for 5 min. The 
incubation mixture was filtered using 0.45-µm nylon filters 
(Millipore®), and the inulinase activity was detected by ana-
lysing the reaction products using HPAEC/PAD, as described 
above. One unit (U) of exo- and endo-inulinase activity was 
defined as the enzyme amount that releases one micromole 
of fructose and 1-kestose, respectively, from inulin per min 
under standard assay conditions.

Cell wall extraction

Samples of mycelia (50 mg) were grounded in a mortar-pestle 
with liquid nitrogen and added 1 mL of 10 mM Tris–HCl 
buffer (pH 7.8) containing 1 mM phenylmethyl sulfonyl fluo-
ride (PMSF). The samples were vortexed for 1 min and sub-
sequently incubated in an ice bath for 1 min. The procedure 
was repeated three times. After centrifugation, the superna-
tant was discarded, and the pellet resuspended in 1 mL of the 
same buffer and sonicated for 1 h. The residue containing cell 
walls was recovered by centrifugation and washed with 1 M 
NaCl containing 1 mM PMSF, and afterwards with deion-
ised water with 1 mM PMSF, both three times each. The cell 
walls were suspended in 1 mL 50 mM Tris–HCl buffer (pH 
7.8) containing 2% (w/v) SDS, 100 mM Na-EDTA, 40 mM 
β-mercaptoethanol and 1 mM PMSF and boiled for 5 min. 
After centrifugation at 3.9 g for 10 min, the supernatant was 
discarded, and this procedure was repeated. The cell walls 
were then washed six times with deionised water contain-
ing 1 mM PMSF, yielding protein interaction-free cell walls 
(Schoffelmeer et al. 1999) that were lyophilised and weighed.
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Quantification of sugars and chitin in cell walls

For quantification of total sugars, samples of lyophilised cell 
walls (2 mg) were resuspended in 2 mL of 2 M trifluoroacetic 
acid (TFA) in a water bath at 100 °C for 4 h (Schoffelmeer 
et al. 1999). The acid was evaporated, and the residue was  
resuspended in 1 mL of deionised water. The total sugar content  
was determined as mentioned above (Dubois et al. 1956), using  
glucose (Sigma-Aldrich®) as standard. Uronic acids were 
measured by resuspending 2 mg of the lyophilised cell wall in 
2 mL of 81% H2SO4 for 1 h at room temperature (Schoffelmeer 
et al. 1999). The uronic acid content was estimated according 
to Filisetti-Cozzi and Carpita (1991), using glucuronic acid 
(Sigma-Aldrich®) as standard. For chitin quantification, 2 mg of 
lyophilised cell walls was hydrolysed with 1 mL 6 M HCl in a 
water bath at 100 °C for 8 h. The hydrolysates were evaporated  
and resuspended in 1 mL deionised water (Schoffelmeer et al.  
1999). The glucosamine concentration was determined as 
Chen and Johnson (1983) described and modified by Pessoni  
et al. (2005). Aliquots of 1 mL of the hydrolysates were  
added to 0.25 mL of 4% (v/v) acetylacetone in 1.25 N sodium 
carbonate and heated at 90 °C for 1 h in sealed flasks. After 
cooling, 2 mL of ethanol was added and stirred to dissolve 
the precipitate. Posteriorly, 0.25 mL Ehrlich’s reagent (1.6 g 
of p-dimethylaminobenzaldehyde in 60 mL of a solution of 
ethanol:concentrated HCl (1:1)) was added, and the absorbance 
was measured at 530 nm. Glucosamine hydrochloride (Sigma- 
Aldrich®) was used as standard.

Analysis of cell wall monosaccharides

Cell wall samples (2 mg) were suspended in 2 mL of 2 N TFA 
and incubated in a water bath at 100 °C for 4 h (Schoffelmeer 
et al. 1999). The acid was evaporated entirely, and the hydro-
lysates were dissolved in 1 mL of deionised water. Monosac-
charides were analysed by HPAEC/PAD on a Dionex ICS-3000 

with CarboPac PA-1 column, using isocratic 16 mM NaOH. 
Fucose, rhamnose, arabinose, galactose, glucose and mannose 
(Sigma-Aldrich®) were used as identification standards.

Primer design for RT‑qPCR analysis

The complete sequences of the genes encoding for β-1,3-
glucan synthase (FKS1), chitin synthases (CHS1, CHS 2, 
CHS 4, CHS 5 and CHS 7) and the elongation factor 1-α 
(EF1-α) from Nectria haematococca (teleomorph of Fusar-
ium solani) were obtained from GenBank (Table 1). Prim-
ers for qPCR were designed on target and reference gene 
sequences, using the software Primer-BLAST (NCBI), 
according to the following parameters: size of the primers 
20 bp, Tm value of 60 °C and amplicon sizes between 50 
and 150 bp. Primer pairs were analysed using the OligoAna-
lyzer 3.1 online tool (https://​www.​idtdna.​com/​calc/​analy​zer) 
to determine self and hetero dimers and hairpins. Primer 
pairs were submitted to match analysis with coding regions 
of target genes. They were then subjected to in silico PCR 
(Primer-BLAST) using N. haematococca genome as a tem-
plate. The sequences of the primers are shown in Table 1.

RNA extraction and cDNA synthesis

Samples of fungal mycelium grown for 5 days in Czapek liq-
uid medium supplemented with sucrose, fructose, or inulin 
as carbon source were grounded in liquid nitrogen to a fine 
powder. Total RNA was extracted using the RNeasy Plant 
Mini Kit (Qiagen) following the manufacturer’s recommen-
dations. The quality of the RNA was verified on agarose 
gel and was quantified using the equipment NanoVue (GE 
Healthcare Life Sciences). Treatment with DNAase and 
cDNA synthesis was performed according to the manufac-
turer's instructions using the QuantiTect Reverse Transcrip-
tion Kit (Qiagen).

Table 1   Primers used in the RT-qPCR analysis

Gene Forward primer(F) Reverse primer (R) Tm (ºC) Size of the 
amplified  
product (bp)

EF-1α 5′-CCA​TGT​GCG​TTG​AGG​CTT​TC-3′ 5′-TTC​TCG​ACG​GCC​TTG​ATG​AC-3′ 60.11 (F), 60.11 (R) 103
β-1,3-glucan 

synthase 
(FKS1)

5′-CAT​GTA​CCG​CGA​GCA​TCT​CT-3′ 5′-GAA​GAA​GGT​GGG​AGC​ACG​AA-3′ 59.97 (F), 59.74 (R) 109

CHS1 5′-CGG​GTT​CCG​AGT​TTC​TGA​CA-3′ 5′-AGC​ATG​TAC​TGC​ACG​AAC​GA-3′ 59.97 (F), 60.04 (R) 147
CHS2 5′-CCG​AGA​AGG​GCA​TTG​TTC​CT-3′ 5′-AAG​AAC​CAT​CGG​TGC​GAG​TT-3′ 60.04 (F), 59.97 (R) 85
CHS4 5′-TCG​ACC​AAG​CCC​AAC​CTT​AC-3′ 5′-TGC​GCG​AGC​TGT​TCT​TGA​TA-3′ 59.95 (F), 60.11 (R) 145
CHS5 5′-AAC​GCC​AGG​TCT​TCG​TTC​AT-3′ 5′-GGA​GAA​ACA​ACC​GGG​CAA​AC-3′ 59.97 (F), 59.97 (R) 120
CHS7 5′-CTG​TCG​GAC​GCA​AGG​AGA​TT-3′ 5′-CGT​CGA​CAA​TGA​GGG​ACA​CA-3′ 60.11 (F), 60.04 (R) 75
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qRT‑PCR

qRT-PCR was performed in ABI Prism 7300 system (Applied 
Biosystems) using SYBR Green PCR Master Mix kit (Applied 
Biosystems), following the manufacturer’s instructions. The 
amplification conditions used were as follows: initial step at 
50 °C for 2 min, 95 °C for 10 min, and 40 cycles of 95 °C 
for 15 s and 60 °C for 1 min. PCR reactions were performed 
with cDNA RT ( −) samples for each condition to deter-
mine genomic DNA contamination, and the results showed 
no detectable amplification in any condition. The Cq values 
(quantification cycle) were determined manually for each 
amplification. Relative expression levels were calculated 
according to the method of 2−ΔΔCq (Livak and Schmittgen 
2001), in which transcription levels were normalised against 
sucrose 5 days as a control condition and EF-1α as a reference 
gene to normalise the levels of basal transcription. The values 
between 0 and 1 (down-regulated genes) were transformed 
into − 1/2−ΔΔCq. The formula: δ = σ / √n, where σ is the vari-
ance of the different Cq values obtained, and n is the number 
of Cq values was used to determine the standard error (δ) of the 
endogenous control gene and the target genes. The propaga-
tion of the standard error δΔΔCt = √(δ1)2 + (δ2)2, where δ1 
is the standard error of the target gene, and δ2 is the reference 
standard error was employed to determine the error ΔΔCq. All 
analyses were performed in three biological replicates with two 
technical replicates.

Statistical analysis

The data obtained were subjected to the analysis of variance 
(ANOVA) and, when appropriate, means were compared 
using the Tukey’s test (P ≤ 0.05) using the SAEG program.

Results

Fungal growth and sugar consumption

The growth rate of F. solani and N. vasinfecta in the solid 
medium was slightly affected by the different carbon sources 
(Fig. 1). Regardless of the carbon source, N. vasinfecta 
reached the maximum colony diameter at 10 days of culture 
(Fig. 1B), showing a faster growth than F. solani, which 
presented the same diameter at 14 days of culture (Fig. 1A). 
Moreover, F. solani and N. vasinfecta colonies that grew 
on fructose- and inulin-based media had more hyaline and 
sparser aerial mycelium than on other sources (Supplemen-
tary Figs. 1, 2).

Fungal growth was also monitored for 15 days in liquid 
medium containing different carbon sources by the increase of 
the mycelium dry mass (Fig. 2). The final biomass produced 
by N. vasinfecta was 45% higher than F. solani (Fig. 2A, B). 

Both fungi produced higher biomass in inulin than in other 
carbon sources. The growth of F. solani was accompanied by 
the alkalinisation of the culture media, reaching pH 8 at the 
end of cultivation, independent of the carbon source (Fig. 2C). 
For N. vasinfecta, this pH increment was only significant in 
inulin (Fig. 2D). Fusarium solani secreted 41% more extracel-
lular proteins than N. vasinfecta but without significant dif-
ferences between the carbon sources evaluated (Fig. 2E, F).

Fig. 1   Mycelial growth of Fusarium solani (A) and Neocosmospora 
vasinfecta (B) grown for 14 days on Czapek solid medium containing 
different carbon sources at 10 g/L. Values represent the mean of trip-
licates ± standard deviation. The asterisks indicate significant differ-
ences between the carbon sources at the same time point by Tukey’s 
test (P ≤ 0.05)
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Total sugar analysis of F. solani culture filtrates showed 
that about 98% of the carbon sources were consumed at the 
end of 15 days of growth (Fig. 3A). However, N. vasinfecta 
exhibited a slower sugar consumption profile, consuming 
90% of the carbon sources (Fig. 3B). The reducing sugars 
in the culture filtrates were also monitored (Fig. 3C, D). In 
an inulin-based medium, both fungi consumed this poly-
saccharide without fructose accumulation. Conversely, in a 
sucrose-based medium, the disaccharide hydrolysis resulted 
in the accumulation of reducing sugars that decreased sub-
sequently. On the fifth day of growth, the levels of reducing 
sugars in F. solani had a 4.6-fold increase while N. vasinfecta 
showed only a 1.4-fold increase under the same conditions.

Conversion of sugars to FOS

The HPAEC/PAD analysis of the culture filtrates of F. solani 
grown in a sucrose-based medium showed the hydrolysis of 
sucrose into fructose and glucose by day 5, following the accu-
mulation of reducing sugars. After 10 days, glucose was con-
sumed entirely while residual fructose was high. After 15 days, 
no monosaccharides were detected in the medium. FOS pro-
duction by F. solani was not observed under this experimental 
condition (Fig. 4A–D; Table 2). In the inulin-based medium, 
the hydrolysis promoted by the fungus resulted in a range 
of lower molecular weight molecules, including 1-kestose 
(maximum 92 mg/L), which were subsequently consumed 
(Fig. 4E–H; Table 2). The analysis of the culture filtrates of 
N. vasinfecta grown in a sucrose-based medium showed an 
increase in monosaccharides concurrent with the production 
of two FOS identified as 1-kestose (maximum 50 mg/L) and 
6-kestose (4 mg/L on average) (Fig. 5A–D; Table 2). In the 
inulin-based medium, N. vasinfecta showed endo-inulinase 
activity, producing 1-kestose (9 mg/L in average) and fructans 
with a higher degree of polymerisation, as observed for F. 
solani (Fig. 5E–H; Table 2). Inulinase activity assays using the 
culture filtrates of the fungi grown for 5 days in an inulin-based 
medium showed hydrolytic activity on inulin, yielding fructans 
with a lower polymerisation (Fig. 6). For F. solani, the exo- 
and endo-inulinase activities were 13.9 and 15.9 U/mg protein, 
respectively, while N. vasinfecta presented about eight times 
less exo-inulinase activity than F. solani (1.5 U/mg protein). 
Under our enzyme assay conditions, endo-inulinase activity 
in N. vasinfecta was not detected, as indicated by the absence 
of 1-kestose as a product of the inulin hydrolysis (Fig. 6D).

Characterisation of the fungal cell wall

Total sugar represented about 81% of the cell wall dry mass 
in F. solani and N. vasinfecta, whereas chitin and uronic 
acids represented about 15 and 3% of the cell wall composi-
tion in both fungi, respectively (Fig. 7). Overall, significant 
alterations in this composition were promoted by different 
carbon sources on the 5th day of cultivation. For example, 
F. solani cultivated in both glucose + fructose and inulin 
showed a 4.5% increase in uronic acid, while in sucrose, 
it dropped to the lowest level of 2% (Fig. 7E). In N. vasin-
fecta, 5-day-old cultures in a glucose-based medium had the 
highest cell wall content of total sugar (90%) and the lowest 
cell wall content of chitin (6%). In contrast, in a fructose-
based medium, it showed the lowest content of total sugars 
(79%) and the highest content of chitin (17%) in the cell wall 
(Fig. 7B, D). On the other hand, the content of uronic acid in 
N. vasinfecta did not change significantly (Fig. 7F).

Regarding the carbon source provided in the media, glu-
cose (79.6%) was the most predominant monosaccharide 
in the cell wall of F. solani, followed by mannose (10.8%), 
galactose (6.8%), arabinose (2.3%), fucose (0.3%), and rham-
nose (0.1%) (Table 3). The cell wall composition of N. vas-
infecta differed from F. solani only in the higher arabinose 
content in the inulin- and fructose-containing media at day 
5 (Table 4).

Fusarium solani exhibited changes in the monosaccharide 
levels during the cultivation time courses. Glucose decreased 
in the media with sucrose, glucose, or glucose + fructose 
while mannose increased. Rhamnose reached its maxi-
mal level upon 15 days of cultivation in glucose and glu-
cose + fructose media. Deposition of arabinose in the fungal 
cell wall increased with ageing in all media, except for glu-
cose + fructose (Table 3). On the other hand, N. vasinfecta 
cell wall had a reduced level of this pentose with culture 
ageing in all media, except for glucose + fructose (Table 4).

Relative expression of genes involved in cell wall 
biogenesis

The carbon source affected the expression of the FKS1 gene, 
which encodes β-1,3-glucan synthase, and CHS genes, which 
encode chitin synthases, enzymes related to cell wall synthe-
sis. The amounts of CHS5 transcripts, and to a lesser extent 
of CHS2, in F. solani grown in fructose- and inulin-based 
media increased dramatically compared to a sucrose-based 
medium. Conversely, the amounts of CHS7 and FKS1 tran-
scripts were reduced in a fructose-based medium (Fig. 8A). 
Regarding N. vasinfecta, the growth in an inulin-based 
medium increased the amounts of FKS1 transcripts. The 
CHS gene family (except CHS1 and CHS7) was also upreg-
ulated in the medium supplemented with inulin (Fig. 8B).

Fig. 2   Biomass production (A, B), pH of the culture medium (C, D) 
and extracellular proteins (E, F) in the culture filtrates of Fusarium 
solani and Neocosmospora vasinfecta grown for 5, 10 and 15 days in 
Czapek liquid medium containing different carbon sources at 10 g/L. 
Values represent the mean of triplicates ± standard deviation. The 
asterisks indicate significant differences between the carbon sources 
at the same time point by Tukey’s test (P ≤ 0.05)

◂
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Discussion

Interest in FOS has increased in the last decades due to their 
importance in the food and pharmaceutical industries. The 
carbon source and its concentration are the most studied 

variables to achieve the best FOS production (Sánchez-
Martínez et al. 2020; Choukade and Kango 2021). In the 
present work, we tested the fungal growth and FOS produc-
tion of Fusarium solani and Neocosmospora vasinfecta on 
sucrose and inulin. As the preliminary sugar analysis detected 

Fig. 3   Percentage of total (A, B) and reducing sugars (C, D) in the 
culture filtrates of Fusarium solani and Neocosmospora vasinfecta 
grown for 5, 10 and 15 days in Czapek liquid medium containing dif-
ferent carbon sources at the initial concentration of 10 g/L, which was 

considered as 100%. Values represent the mean of triplicates ± stand-
ard deviation. The asterisks indicate significant differences between 
the carbon sources at the same time point by Tukey’s test (P ≤ 0.05)
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Fig. 4   HPAEC-PAD profile of 
the culture filtrates of Fusarium 
solani grown in Czapek liquid 
medium containing sucrose 
for 0 (A), 5 (B), 10 (C) and 15 
(D) days, or inulin for 0 (E), 5 
(F), 10 (G) and 15 (H) days, 
as carbon source at 10 g/L. G, 
glucose; F, fructose; S, sucrose; 
FOS, fructooligosaccharides; 
Ni, not identified. Peaks with 
retention times greater than 
15 min correspond to long-
chain inulin-type fructans
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significant amounts of monosaccharides in sucrose- and 
inulin-based media before fungus inoculation, probably as a 
result of partial thermal hydrolysis during the autoclavation, 
we also tested FOS production in a mixture of glucose and 
fructose (1:1) and media containing these monosaccharides 
as single sugars for reference.

 In relation to the carbon source, we observed increased 
pH and increased levels of extracellular proteins during the 
growth time course of both fungi (Fig. 2). Increased pH of 
the culture medium, followed by sugar consumption and 
protein secretions, has been already reported for other fungi 
such as Thermomyces lanuginosus (Chaudhuri et al. 1999) 
and Penicillium purpurogenum (Dhake and Patil 2007). 
Zaninette et al. (2019) also showed that the growth of P. 
janczewskii in sucrose resulted in medium alkalinisation. 
This increase in medium pH, associated with nitrate con-
sumption, might play a key role in enzyme production and 
stability (Singh and Singh 2010). Indeed, Kurakake et al. 
(2020) reported medium alkalinisation (pH 8.7) by Asper-
gillus oryzae grown in 10 g/L sucrose and the effect of pH 
on the activity and stability of two β-fructofuranosidases 
produced by the fungus.

Differently from other fungi isolated from inulin-producing 
plants, such as P. janczewskii (Pessoni et al. 1999), F. solani 
and N. vasinfecta, preferentially grew on inulin instead of 
sucrose as a carbon source. Therefore, these fungi are well-
adapted to metabolise plant-derived fructopolysaccharides 
(fructans). Cultivation in an inulin-containing medium also 
resulted in the highest secretion of extracellular proteins from 
both fungi on the 15th day. However, F. solani and N. vasin-
fecta showed different abilities in producing FOS. Neocos-
mospora vasinfecta produced the inulin-type FOS 1-kestose 
and the levan-type FOS 6-kestose from sucrose. Although 
in low amounts, the synthesis of 6-kestose detected in N. 

vasinfecta is uncommon in filamentous fungi but relatively 
well reported in yeasts such as Schwanniomyces occidentalis 
(Álvaro-Benito et al. 2010; Rodrigo-Frutos et al. 2019). Fialho 
et al. (2013) reported that the filamentous fungus Gliocladium 
virens, isolated from the rhizosphere of Viguiera discolor, 
could synthesise 6-kestose in a sucrose-based medium.

There are numerous patents on FOS production by dif-
ferent fungi, including species of Aspergillus, Penicillium 
citrinum and Aureobasidium pullulans, which obtained 
FOS yields from 30 to 90% in the case of mutant strains 
(Sánchez-Martínez et al. 2020). According to Nobre et al. 
(2019), P. citreonigrum was the most promising fungus in 
screening Penicillium strains for FOS production. After opti-
misation, P. citreonigrum was able to produce from 200 g/L 
of sucrose a FOS mixture consisting of 1-kestose (36 g/L), 
nystose (62 g/L) and fructofuranosylnystose (11 g/L).

Fusarium solani might not produce FOS from sucrose, 
probably due to its higher capacity to hydrolyse this disac-
charide and consume the resulting monosaccharides com-
pared to N. vasinfecta. In addition, sucrose at 10 g/L could 
not have favoured FOS production by F. solani. Gliocladium 
virens and P. janczewskii, also isolated from the rhizosphere 
of Cerrado inulin-accumulating plants, produced higher FOS 
amounts only when grown in high sucrose concentrations 
(Fialho et al. 2013; Zaninette et al. 2019). At 150 g/L, G. 
virens produced 3 g/L of 6-kestose. In contrast, P. janc-
zewskii made 8 and 7.3 g/L of 1-kestose and neokestose, 
respectively, keeping high FOS levels in the medium until 
the end of the culture period. Therefore, the ability of F. 
solani to produce FOS in high sucrose concentration remains 
to be investigated. The low FOS content obtained in the pre-
sent work compared to other studies might also be partially 
explained by glucose inhibition. A high amount of glucose 
is generated during the fermentation process, which results 
in transfructosylating activity inhibition, leading to low 
sucrose conversion yield. According to Castro et al. (2019), 
co-culture fermentation with Aureobasidium pullulans (used 
as FOS producer strain) and Saccharomyces cerevisiae (for 
small saccharides removal) resulted in 119 g/L of FOS and 
increased productivity compared to the control fermentation 
without co-culture.

Although many microorganisms can produce transfructo-
sylating enzymes, it has been shown that only a few enzymes 
possess a high potential for industrial implementation. Nota-
bly, fungal transfructosylating enzymes have a greater FOS 
production capacity and are easier to handle than bacterial 
transfructosylating enzymes. Fructosyltransferases and 
β-fructofuranosidases from Aspergillus, Aureobasidium 
and Penicillium are currently the primary industrial sources 
for the mixture production of inulin-type FOS, such as 
1-kestose, nystose or 1F-fructofuranosylnystose (Sánchez-
Martínez et al. 2020). Typical β-fructofuranosidases such 
as invertases hydrolyse sucrose into glucose and fructose 

Table 2   Production of 1-kestose and 6-kestose by Fusarium solani 
and Neocosmospora vasinfecta grown for 5, 10 and 15 days in Cza-
pek liquid medium containing sucrose or inulin as carbon sources. 
The letters compare the same carbon source in different periods. 
Means followed by the same letter do not differ by Tukey’s test 
(P ≤ 0.05)

nd not detected

Time (days) 1-kestose (mg/L) 6-kestose (mg/L)

Sucrose Inulin Sucrose Inulin

Fusarium solani
  5 nd 19.4 ± 4.2A nd nd
  10 nd 14.5 ± 6.3AB nd nd
  15 nd 11.3 ± 0.5B nd nd
Neocosmospora vasinfecta
  5 49.7 ± 4.1A 7.2 ± 3.1A 3.7 ± 0.6A nd
  10 22.5 ± 3.2B 11.1 ± 2.5A 5.3 ± 3.8A nd
  15 11.6 ± 0.2C 9.4 ± 3.5A 4.3 ± 2.5A nd
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Fig. 5   HPAEC-PAD profile of 
the culture filtrates of Neo-
cosmospora vasinfecta grown 
in Czapek liquid medium 
containing sucrose for 0 (A), 5 
(B), 10 (C) and 15 (D) days, or 
inulin for 0 (E), 5 (F), 10 (G) 
and 15 (H) days, as a carbon 
source at 10 g/L. G, glucose; 
F, fructose; S, sucrose; 1-K, 
1-kestose; 6-K, 6-kestose; FOS, 
fructooligosaccharides; Ni, not 
identified. Peaks with retention 
times greater than 15 min corre-
spond to long-chain inulin-type 
fructans
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but, depending on its origin, might exhibit transfructosylat-
ing activity at high sucrose concentrations, probably due to 
a mechanism of reverse hydrolysis. In contrast, fructosyl-
transferases have low hydrolytic and high transfructosylat-
ing activities even at low sucrose concentrations (Choukade 
and Kango 2021). Therefore, considering that a low sucrose 
concentration (10 g/L) was used in the present study, the 

Fig. 6   HPAEC-PAD profile of fructans obtained after incubation of 
the culture filtrates of Fusarium solani and Neocosmospora vasinfecta 
with inulin (25  g/L) as substrate at 45.○C for 0 (A, B) and 30  min 
(C, D). The culture filtrates were obtained by growing the fungi for 

5 days in Czapek liquid medium containing inulin as a carbon source 
at 10 g/L. G, glucose; F, fructose; S, sucrose; 1-K, 1-kestose. Peaks 
with elution time greater than 20  min correspond to inulin-type 
fructans with a high degree of polymerisation

Fig. 7   Relative proportion (%) of total sugar (A, B), chitin (C, D) 
and uronic acids (E, F) in the cell wall of Fusarium solani and Neo-
cosmospora vasinfecta grown for 5, 10 and 15 days in Czapek liquid 
medium containing different carbon sources at 10 g/L. Values repre-
sent the mean of triplicates ± standard deviation. Means followed by 
the same letter do not differ by Tukey’s test (P ≤ 0.05). Uppercase let-
ters compare the carbon sources within the same period, and lower-
case letters compare the carbon source in different periods

◂
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presence of fructosyltransferases in F. solani seems to be 
unlikely.

When cultured in an inulin-based medium, F. solani and 
N. vasinfecta showed inulinase activity as demonstrated 
by the initial increase of polyfructans with a low degree 
of polymerisation and their subsequent consumption as the 
fungal growth proceeded. The presence of fructose in the 
inulin-containing medium at the beginning of fungal growth 
does not seem to interfere with enzyme activity, as fructose 
uptake could be observed early during the development in 
both fungi. The enzymatic assays using the culture filtrates 
demonstrated the presence of exo- and endo-inulinase activi-
ties in F. solani. Neocosmospora vasinfecta exhibited exo-
inulinase activity but not endo-inulinase under our enzyme 
assay conditions, despite the fungus having produced FOS 
from inulin in the culture medium. These observations 
reinforce the importance of the optimisation of assays con-
ditions. According to Sánchez-Martínez et al. (2020) and 
Choukade and Kango (2021), enzymatic FOS synthesis from 
sucrose seems more advantageous than inulin hydrolysis. 
Low product yield and high downstream processing cost 
are the major drawbacks of FOS extraction from inulin-rich 
plant materials. In addition, inulin hydrolysis leads to lower 
molecular weight FOS that possess better prebiotic and tech-
nological properties.

Both FOS synthesis and hydrolysis are performed out-
side the fungal cells, involving secreted or cell wall-attached 
enzymes. Hence, the efficiency of FOS metabolism is tightly 
related to the cell capacity to transport those enzymes, which 
depends on the cell morphological integrity. The maintenance 
of N. vasinfecta in the inulin-containing medium induced 
secretion of proteins and FOS production but resulted in a 
more hyaline mycelium; the same was observed when the 
fungus was cultured in fructose (Supplementary Fig. 2). The 
presence of fructose also caused differences in the growth of 
F. solani (Supplementary Fig. 1). Similar changes were pre-
viously observed in P. janczewskii either in the inulin-based 
medium (Pessoni et al. 2005) or in the presence of fructose 
(Pessoni et al. 2015), resulting in growth decrease, thinner 
hyphae and enzyme secretion. Therefore, free or polymerised 
fructose in the medium changes hyphae morphology, which 
appears to be an effect common to filamentous fungi. The 
mechanism by which fructose-containing polymers affects 
the cell wall structure is unclear. Still, it could be related to 
cell wall polysaccharide biosynthesis changes due to differ-
ential sensing of fructose and glucose during sugar uptake 
(Doehlemann et al. 2005). The increased protein secretion 
is also a factor affecting the fungal cell wall. Indeed, strains 
of Trichoderma reesei genetically modified to increase pro-
tein secretion demonstrated changes in cell wall composition 

Table 3   Relative proportion (%) of neutral monosaccharides in the cell wall of Fusarium solani grown for 5, 10 and 15 days in Czapek liquid 
medium containing different carbon sources at 10 g/L. Values represent the mean of triplicates

Cell wall neutral monosaccharides (relative %) 

Carbon source Fucose Rhamnose Arabinose Galactose Glucose Mannose

5 d 10 d 15 d 5 d 10 d 15 d 5 d 10 d 15 d 5 d 10 d 15 d 5 d 10 d 15 d 5 d 10 d 15 d

Sucrose 0.3 0.8 0.3 0.1 0.1 0.1 0.4 0.5 1.2 5.0 7.8 8.2 86.5 82.8 77.7 7.6 8.0 12.6
Glucose + fructose 0.5 0.4 0.3 0.0 0.4 0.0 0.6 0.9 1.1 5.8 6.0 8.0 84.2 83.2 77.1 8.9 9.0 13.4
Inulin 0.6 0.5 0.2 0.0 0.1 0.0 0.7 1.1 1.4 7.2 7.7 7.6 81.1 79.1 78.4 10.4 11.4 12.5
Fructose 0.3 0.3 0.4 0.5 0.3 0.0 0.3 0.9 1.6 5.6 6.7 8.4 84.2 80.1 76.9 9.1 11.8 12.7
Glucose 0.2 0.3 0.4 0.2 0.1 0.0 0.5 0.6 1.0 5.0 5.3 7.8 85.6 85.6 79.0 8.5 8.2 11.9

Table 4   Relative proportion (%) of neutral monosaccharides in the cell wall of Neocosmospora vasinfecta grown for 5, 10 and 15 days in Czapek 
liquid medium containing different carbon sources at 10 g/L. Values represent the mean of triplicates

Cell wall neutral monosaccharides (relative %) 

Carbon source Fucose Rhamnose Arabinose Galactose Glucose Mannose

5 d 10 d 15 d 5 d 10 d 15 d 5 d 10 d 15 d 5 d 10 d 15 d 5 d 10 d 15 d 5 d 10 d 15 d

Sucrose 0.5 0.4 0.5 0.0 0.1 0.2 4.6 1.4 1.2 7.3 7.6 7.1 76.7 78.6 81.4 11.0 11.9 9.7
Glucose + fructose 0.2 0.3 0.2 0.0 0.1 0.1 2.9 1.8 2.1 6.4 6.8 6.4 80.5 80.9 80.8 10.0 10.0 10.4
Inulin 0.9 0.1 0.3 0.1 0.1 0.2 8.9 3.1 3.6 8.9 7.7 8.5 69.2 74.0 73.2 12.1 14.9 14.2
Fructose 0.3 0.2 0.0 0.0 0.1 0.1 9.0 6.5 4.7 6.3 6.5 6.1 73.4 75.2 11.0 11.0 11.4 10.9
Glucose 0.3 0.2 0.1 0.0 0.1 0.1 3.2 1.1 1.3 5.4 6.1 6.1 82.4 81.5 82.4 8.7 11.0 10.0
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and ultrastructure, presenting increased chitin levels and 
decreased glucose and mannose levels (Perlinska-Lenart 
et al. 2006). According to Tang et al. (2016), the deletion of 
mannosyltransferases in S. cerevisiae resulted in increased 
cell wall porosity, which contributed to the release of secre-
tory proteins. Therefore, changes in protein glycosylation can 

modify the cell wall structure, which is often associated with 
the hyperproduction of secretion proteins.

Interestingly, we observed the highest arabinose proportion 
in the cell walls of N. vasinfecta grown on fructose- and inulin-
based media and of F. solani on inulin. Although it is a minor 
component of the fungal cell wall polysaccharides, arabinose-
containing polymers (arabinans) have been described as part of 
the highly mobile outer shell of the Aspergillus fumigatus cell 
wall (Kang et al. 2018). In plants, arabinans are plasticizing 
polymers that provide cell wall flexibility (Moore et al. 2013). 
Whether increased arabinose content could have contributed 
to structural cell wall changes that resulted in the more hyaline 
mycelium when fungi were cultivated in fructose- and inulin-
based media remains to be investigated.

Chitin synthases play diverse roles in hyphal growth, con-
idiogenesis and appressorium development in yeasts and fila-
mentous fungi. They are encoded by members of a large gene 
family, suggesting the possibility of both functional speciali-
sation and redundancy (Yang and Zhang 2019; Garcia-Rubio 
et al. 2020). In F. solani, although the cultivation in fruc-
tose or inulin has induced the CH5 expression, no increase 
was detected in the chitin content. Inulin also upregulated 
FKS1, CHS2, CHS4 and CHS5 genes in N. vasinfecta, but the 
proportion of total carbohydrate and chitin did not increase. 
The multiplicity of CHS enzymes and the uncertain role of 
individual CHS genes in different fungi could explain these 
results. Indeed, as reported by Martín-Udíroz et al. (2004), 
no differences in the chitin content were observed in mutants 
of Fusarium oxysporum with disruption in the genes CHS1, 
CHS2 and CHS7 compared with the wild-type strain.

According to Patel and Free (2019), most cell wall poly-
saccharides are produced directly in response to environ-
mental factors. The carbon source determines the quality 
and amount of cell wall polysaccharides synthesised by some 
microorganisms. Changes in the deposition of cell wall poly-
saccharides during hyphae cell elongation result in fungal 
biomass changes (Yang and Zhang 2019). We found a signifi-
cant increase in N. vasinfecta biomass production grown in 
inulin, although no significant differences in the cell wall car-
bohydrate content were observed. Ene et al. (2012) reported 
that different carbon sources influenced the biomass produc-
tion in Candida albicans but not the cell wall proportion of 
chitin, β-glucan and mannan. Changes in chitin architecture 
or chitin-glucan cross-links, rather than alterations in absolute 
cell wall carbohydrates levels, might explain these results.

Conclusion

Our results highlight the ability and the differences of N. 
vasinfecta and F. solani, two fungi isolated from the rhizo-
sphere of fructan-accumulating plants from the Brazilian 

Fig. 8   Relative expression of β-1,3-glucan synthase (FKS1) and chi-
tin synthase (CHS) genes in Fusarium solani (A) and Neocosmospora 
vasinfecta (B) grown for 5 days in Czapek liquid medium containing 
fructose, inulin, or sucrose as a carbon source at 10 g/L. The dashed 
line indicates the normalisation of the transcription levels against 
sucrose as the control condition. Values represent the mean of tripli-
cates ± standard deviation
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Cerrado, to produce FOS by converting sucrose into 1- 
and 6-kestose, or by hydrolysing inulin. We also demon-
strated that the carbon source regulated the expression of 
cell wall genes differentially for both fungi and that inulin 
and fructose have a major impact on fungal growth and 
colony morphology. Modifications in the cell wall com-
position under these conditions could explain the changes 
observed in the fungal morphology, differences in pro-
tein secretion and FOS production capacity. However, a 
direct correlation with the expression of genes encoding 
for enzymes related to cell wall synthesis has not been 
observed. More investigations on nutritional factors in F. 
solani and N. vasinfecta, such as the effect of sucrose con-
centration on FOS production and the characterisation of 
their transfructosylating enzymes, are essential for future 
biotechnological applications of these microorganisms, 
which seemed to be well-adapted to metabolise fructose-
containing carbohydrates. Additional studies related to the 
effects of fructose-containing sugars on cell wall structure 
are also necessary to better understand how these changes 
can be used to improve fungal enzyme secretion.
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