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Abstract: Endophytic fungi that colonize the plant root live in an environment with relative high
concentrations of different sugars. Analyses of genome sequences indicate that such endophytes
can secrete carbohydrate-related enzymes to compete for these sugars with the surrounding plant
cells. We hypothesized that typical plant sugars can be used as carbon source by root endophytes and
that these sugars also serve as signals to induce the expression and secretion of glycolytic enzymes.
The plant-growth-promoting endophytes Serendipita indica and Serendipita herbamans were selected
to first determine which sugars promote their growth and biomass formation. Secondly, particular
sugars were added to liquid cultures of the fungi to induce intracellular and extracellular enzymatic
activities which were measured in mycelia and culture supernatants. The results showed that both
fungi cannot feed on melibiose and lactose, but instead use glucose, fructose, sucrose, mannose,
arabinose, galactose and xylose as carbohydrate sources. These sugars regulated the cytoplasmic
activity of glycolytic enzymes and also their secretion. The levels of induction or repression depended
on the type of sugars added to the cultures and differed between the two fungi. Since no conventional
signal peptide could be detected in most of the genome sequences encoding the glycolytic enzymes,
a non-conventional protein secretory pathway is assumed. The results of the study suggest that root
endophytic fungi translocate glycolytic activities into the root, and this process is regulated by the
availability of particular plant sugars.

Keywords: endophytic fungi; sugar metabolism; glycolysis

1. Introduction

Serendipita indica (former known as Piriformospora indica) and Serendipita herbamans are
two closely related root-endophytic fungi of the order Sebacinales [1]. Serendipita indica
was discovered in the Thar Desert, India [2–6], and since then, numerous studies have
confirmed its ability to promote plant growth and to increase plant resistance and tolerance
to biotic and abiotic stresses [5–8]. Serendipita herbamans was isolated from different grasses
in the Black Forest, Germany, and described to have similar effects to S. indica [9]). In
most interactions, these fungi are considered to be endophytes because they colonize
plant tissues neither causing disease symptoms (as pathogens) nor forming specialized
structures (as mycorrhizal fungi). It has, however, been reported that S. indica, similar to
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other Sebacinales, can also form orchid and ericoid mycorrhiza [10,11]. One central aspect
of mycorrhizal symbioses, and probably also of non-mycorrhizal interactions of plant roots,
is the exchange of nutrients. Such root-colonizing fungi facilitate the uptake of minerals by
the plant, receiving carbohydrates in exchange (reviewed by [12]). This nutrient exchange is
well investigated in arbuscular mycorrhizal (AM) symbiosis. AM fungi forming arbuscules
in the apoplast of root cortex cells are surrounded by the plant-derived periarbuscular
membrane. Together with the fungal arbuscular membrane, it acts as an exchange interface
between the plant and the fungus. Plant and fungal membranes carry a number of nutrient
transporters such as for sugars, phosphate and ammonium [13–16]. Several genes for
hexose and disaccharide transporters have been also predicted in the S. indica genome [17],
and some of them were characterized by Rani et al. [18].

In plants, sucrose is the main transported carbohydrate from source (photosynthetic
active leaves)-to-sink tissues (all other organs including roots). During their association
with plants, root-colonizing fungi can be considered as additional sink organs influencing
the partitioning of sugars and altering the photosynthetic rate [19–21]. In the roots, sucrose
is cleaved in the apoplast by the cell wall invertase (CWI), forming glucose and fructose.
Glucose in addition to sucrose and fructose is the primary carbon source used by most
organisms. These sugars can also act as signal molecules [22,23].

D-mannose is another important plant sugar, and it occurs as a component of cellulose,
hemicellulose, or bound to other compounds forming glycoproteins (mannoproteins) and
glycolipids. In some plant residues, it can reach 12% of the dry weight [24]. Mannose is a
common component of plant carbohydrate polymers for both structural and storage uses
and presents a ubiquitous element of the plant secondary cell wall and the main component
of the neutral fraction of the polysaccharide matrix. It is almost not present as free sugar,
except after the degradation of storage polymers. Mannose is also important in fungal cell
wall physiology as glycosylated proteins, called mannoproteins or mannans [25]. Mannose
enter the glycolysis through hexokinase activity, forming mannose-6-phosphate that is
further converted to fructose-6-phosphate by the enzyme phosphomannose isomerase.

Additionally, other sugars such as arabinose, xylose and galactose, are essential com-
ponents of the plant cell. They are plant-specific, constituting an important percentage
of the sugar residues in the cell wall, mainly forming hemicellulose (mainly arabinoxy-
lans). These sugars enter in glycolysis through intermediates: arabinose through fructose-
6-phosphate, galactose through glucose-1-phosphate and xylose through fructose-1,6-
bisphosphate [26,27]. As they are widespread in tissues colonized by fungal endophytes,
they could have a role as a carbon source or in signaling during plant–fungus interaction.

Glycolysis is the pathway through which cells metabolize glucose. Hexokinase (HK), the
first step of glycolysis, forms glucose-6-phosphateas, a negatively charged intermediate that due
to its net charge cannot diffuse through the cell membrane. HK performs 6-phosphorylation not
only of glucose, but also of fructose, mannose and D-glucosamines [28,29]. This phosphoryla-
tion induces an electrical destabilization of the molecule needed for the second step of the
pathway. Glucose-6-phospate turns to fructose-6-phosphate through an isomerization step.
This transition from an aldose into a ketose catalyzed by a phosphoglucose isomerase (PGI)
creates the substrate for the following enzyme. Phosphofructokinase (PFK) sets the pace of
the glycolytic rate and catalyzes the transfer of a second phosphate group forming fructose
1,6-bisphosphate, which marks the end of the first stage of glycolysis. In the following
step, an aldolase cleaves the six-carbon molecule into two molecules of three carbons each,
dihydroxyacetone phosphate (DHAP) and glyceraldehyde 3-phosphate (GAP), completing
the second stage of glycolysis.

The conventional protein secretion (CPS) pathway is very well documented in fungi
and it is characterized by a N-terminal signal peptide for translocation from the endo-
plasmic reticulum (ER) to the Golgi apparatus and the extra-cellular secretion-mediating
vesicles [30]. The signal peptide is used by the fungal cell to recognize the proteins which
should be directed towards the ER membrane and is cleaved off after translocation of
the protein into the ER. The presence of this signal peptide is characteristic for proteins
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leaving the cell via the CPS. Based on secretome studies, many proteins have been found to
be secreted in the external medium without carrying a signal peptide, and this is called
the unconventional secretion pathway (USP) [31]. Different studies revealed the presence
of cytoplasmic enzymes in extracellular vesicles isolated from Candida albicans [32] and
Saccharomyces cerevisiae [33]. These included glycolytic enzymes such as an enolase. In
Paracoccidioides brasiliensis, different secretory pathways were suggested as an enolase was
detected in a vesicular and in a non-vesicular fraction [34]. An enolase-internal sequence
of several amino acids was reported to be related to the USP in Bacillus subtilis [34–36].
In addition to this enolase, the presence of several mostly glycolytic enzymes in extra-
cellular vesicles were reported in the plant-pathogenic genus Paracoccidioides [37]. This
comprises, among others, glucose-6-phosphate isomerase, a triosephosphate isomerase,
a glyceraldehyde-3-phosphate dehydrogenase and a hexokinase. Recently, proteins of
S. indica axenically secreted into the medium were compared with those secreted into
the apoplast of the plant [38,39]. Among these proteins, several enzymes also directly
connected to glycolysis were detected.

In summary, sugars usually found in the apoplast of plants could at the same time be
sources for carbohydrates and signals impacting the metabolism of root-colonizing fungi.
The objectives of the current work are, first of all, revealing which plant sugars can be used
by the endophytes S. indica and S. herbamans as sources for growth and development, and
secondly, which of these sugars can also act as signals for regulating glycolysis inside the
fungal cells and for the secretion of the corresponding enzymatic activities. The experiments
were carried out in axenic cultures to avoid any bias from plant metabolic activities. First,
the two endophytes were provided with different plant sugars, and growth and biomass
development were monitored. Secondly, enzymes from the mycelium and the supernatant
of pure cultures of S. indica and S. herbamans fed with different sugars were extracted after
five days of growth to reduce any possible contamination of cytosolic enzymes coming from
natural hyphal turnover. The recovered proteins were concentrated and studied through
the enzymatic assay platform according to the protocol proposed by Jammer et al. [40].

2. Materials and Methods
2.1. Fungal Cultivation

Serendipita indica (DSM11827 [2]) and Serendipita herbamans (DSM 27534 [9]) were main-
tained on Complete medium at 28 ◦C [41]. To analyze fungal carbon source uptake, S. indica
and S. herbamans were grown in YNB minimal medium (Merck, Darmstadt, Germany) sup-
plemented with ammonium sulphate (2 mM) according to Zuccaro et al. [17]. This medium
does not contain any nitrogen or carbon sources and thus allows us to test the utilization of
different single sugars. The medium was complemented with 20 mM ammonium sulfate,
0.8% agar and 2% glucose, fructose, mannose, arabinose, xylose, galactose, mannose, su-
crose, lactose, melibiose or no sugar as a negative control. Fungal growth was monitored
by measuring the diameter of the colonies, and fungal biomass was determined by melting
the agar for few seconds in a microwave and collecting the mycelium on a Whatman® filter
paper (Merck, Darmstadt, Germany) placed on a Büchner funnel connected to a vacuum
pump. Mycelium collected on the Whatman® filter paper was dried overnight at 65 ◦C.
Fresh and dry mycelium weights were recorded.

To analyze fungal enzymatic activities induced by sugar application, fungi were
cultivated in a complemented YNB medium without agar for 5, 10 and 14 days; lactose and
melibiose were not applied. After 5, 10 and 14 days, the mycelium was separated from the
culture medium by filtration with Whatman® Filter Paper (Merck, Darmstadt, Germany).

2.2. Protein Extraction and Enzymatic Activity Analysis

To analyze internal enzymatic activities, proteins were extracted from mycelium by
adapting a method used for plants [40]. Table 1 shows a schematic representation of
fractions and related enzymes recovered. Mycelium was frozen in liquid nitrogen and
ground in polyvinylpyrrolidone (PVPP). The amount of PVPP depends on the fungal



Microorganisms 2022, 10, 320 4 of 17

material and oxidant capacity of the tissue. Per 0.5 g of fresh weight, 1 mL of extraction
buffer (1 M NaCl, 200 mM HEPES/NaOH pH 7.5, 3 mM MgCl2, 1 mM EDTA, 2% glycerol,
0. 1 mM PMSF, 1 mM benzamidine [42]) was added. After centrifugation at 8000 rpm for
10 min, the crude extract was separated from the pellet. The pellet treated with a high salt
buffer (1 M NaCl, 200 mM HEPES/NaOH pH 7.5, 3 mM MgCl2, 1 mM EDTA, 2% glycerol,
0.1 mM PMSF, 1 mM benzamidine [42].

Table 1. Schematic representation of fractions after disruption of cells and centrifugation used for the
analysis of enzyme activities.

Sample Fraction Enzyme

Supernatant
Centrifuged raw extract

aldolase, phosphofructokinase, glucose-6-phosphate
dehydrogenase, phosphoglucose isomerase,

phospho-glucose mutase, UDP-glucose pyrophosphorylase

Dialyzed vacuolar (acidic) invertase, cytosolic (neutral) invertase,
hexokinase and fructokinase

Both cytoplasmic and external protein samples were dialyzed overnight following
the protocol proposed by Jammer et al. [40] and finally centrifuged using 50 mL Amicon®

Ultra Centrifugal Filters (Merck, Germany) to concentrate and recover the proteins. Con-
centrations of proteins extracted from the mycelium and obtained from the culture filtrates
were estimated using Bradford protein assay (Bio-Rad, Hercules, CA, USA). Enzymatic
activities were measured according to [40]). The assay is based on differential light ab-
sorbance of NAD(P)+ and NAD(P)H + H+. NAD(P)H + H+ is formed during the conversion
of the sugar substrate by the enzymes. The activities of aldolase, phosphofructokinase
(PFK), glucose-6-phosphate dehydrogenase (G6PDH), phospho-glucose isomerase (PGI),
phospho-glucose mutase (PGM), glycogen pyrophosphorylase (GP; adapted by glucose-
1-phosphate adenylyl transferase method), UDP-glucose pyrophosphorylase (UGPase),
acidic and neutral invertase, hexokinase (HK) and fructokinase (FK) were quantified as
described above for the fungal material.

2.3. Protein Secretion and Signal Peptide

DNA sequences from S. indica are publicly available (GenBank GCA_000313545.1),
whereas DNA sequences from S. herbamans were kindly provided by Alga Zuccaro (Uni-
versity of Cologne, Cologne, Germany). The sequences of the selected genes were analyzed
by different open source tools for secretome analysis (PrediSi, SignalP, TargetP and PSort)
to predict the secretion of the enzymes in the external medium.

2.4. Statistical Analysis

To analyze sugar uptake and enzymatic activities, 5 and 6 replicates of each treatment
were used, respectively. To analyze external invertase activity, 3 replicates were used.

Statistical analyses were carried out using Statistica13 (StatSoft, Tulsa, OK, USA) and
SigmaPlot (Systat Software Inc., San Jose, CA, USA) software. When samples were homoge-
neously distributed, one-way ANOVA analysis was applied to test differences between the
mock and the experimental treatments, separately. To determine the homogeneous groups
by post hoc analysis, Tukey’s Honestly Significant Difference (HSD) test was applied.

3. Results
3.1. Sugar Utilization

To study sugar utilization, S. indica and S. herbamans were grown on solid media where
the additionally applied sugar was the only available carbon source. The amount of hyphal
biomass inoculated in a single point in the center of the plate is considered to be a colony.
After two weeks, colony diameters and fungal biomasses were quantified, and colony
densities were calculated (Figure 1).
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Figure 1. Growth patterns. Serendipita indica (dark grey columns) and Serendipita herbamans (light
grey columns) were grown on Petri plates for 14 days with different sugar sources. Colony diameters
(A) and dry weights (B) were measured, and colony densities (C) were calculated. Mean values
are shown with standard errors as bars. Significance of differences of growth parameters between
different sugar sources were analyzed for the two fungi independently and are indicated by different
lower- or upper-case letters, respectively (HSD Tukey Test; n = 5).

Fungal growth responses to the different sugars did not show a direct correlation
between fungal biomasses and colony diameters. Particular carbon sources, which could
not be used by the fungus for developing biomass, trigged a specific morphological re-
sponse characterized by fast growth of thin and sparse explorative hyphae reflected by
large colony diameters. Due to this phenomenon, colony density calculated from mg of dry
weight per cm of colony diameter was used as unit for estimating the usability of carbon
sources. Explorative hyphae (Figure 2) were formed by S. indica in the presence of lactose,
melibiose, arabinose and galactose and in the absence of any sugar (negative control) and
by S. herbamans in the presence of lactose and melibiose and in the absence of any sugar.
Among the disaccharides supplied to the fungi, sucrose was easily assimilated, whereas
lactose and melibiose seemed not to be suitable carbon sources. Only lactose appeared
to be at least partially metabolized by S. herbamans. Among monosaccharides, S. indica
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metabolized glucose, fructose, xylose and mannose, whereas S. herbamans metabolized
glucose, fructose, arabinose, xylose, galactose and mannose.
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Figure 2. S. indica growing on glucose (A) and explorative hyphae (B) 7 days after inoculation.
Explorative hyphae are characterized by fast growth, thin and sparse mycelium appearing when
S. indica and S. herbamans are cultivated in a medium lacking a suitable carbon source.

3.2. Enzymatic Activities in the Cytosol

Results observed at the three-time frames (5, 10 and 14 days) were similar except for
the highest UGPase activity at day 14. Due to this, in Tables 2 and 3 the results at 14 days
for each sugar in comparison with the control without any carbon source are shown. The
activities are given in Supplemental Tables S1 and S2. The different sugars added to the media
affected glycolytic enzymes activities with major differences between the two fungi. Only
glucose-6-phosphate dehydrogenase was not affected by any carbon source in both fungi.

Table 2. Sugar regulation of enzyme activities in the cytosol of S. indica 14 days cultivated in the
presence of glucose (Glu), fructose (Fru), sucrose (Suc), an equimolar mix of glucose and fructose
(Glu + Fru), mannose (Man) or without sugar. The table shows the M-values (log2 of ratios of values
obtained from sugar-treated cultures to values from cultures cultivated without sugar). Values higher
than 1 (>2-fold induced) below −1 (>2-fold repressed) and which are based on significant differences
(Tukey HSD test; n = 6) are indicated in bold and color-coded (green: sugar induction; red: sugar
repression). Activity of glucose-6-phosphate dehydrogenase was very low and not affected.

S. indica Glu Fru Suc Glu + Fru Man
Aldolase −0.35 1.42 −0.03 −0.35 1.3

Fructokinase 1.86 3.08 2.36 1.82 3.58
GP −1.32 0.79 −3.91 −0.91 0.85

Hexokinase −0.16 0.68 −0.03 −0.35 1.55
Invertase −0.56 0.1 −0.37 −1.17 1.38

PFK −1.58 2.12 0.85 0.42 4.39
PGI −5.45 −6.03 −4.91 −5.23 −6.26

PGM 0.07 −0.46 0.04 −0.31 −1.07
UGPase 1.14 2.7 1.85 1.85 2.81

GP: glycogen pyrophosphorylase; PFK: phosphofructokinase; PGI: phosphoglucose isomerase; PGM: phospho-
glucose mutase; UGPase: UDP-glucose pyrophosphorylase.

In the S. indica mycelium, fructokinase and UDP-glucose pyrophosphorylase activities
were induced by all sugars, whereas phospho-glucose isomerase was repressed. Aldolase
and phosphofructokinase activities were increased if fructose or mannose were present
as carbon source, hexokinase was only affected by mannose. The activity of glycogen
pyrophosphorylase was repressed by glucose and sucrose, whereas phosphoglucose mutase
activity was repressed by mannose. Invertase activity showed induced activities in the
presence of mannose, but repressed activities in the presence of a mixture of glucose
and fructose.
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Table 3. Sugar regulation of enzyme activities in the cytosol of S. herbamans 14 days cultivated in the
presence of glucose (Glu), fructose (Fru), sucrose (Suc), an equimolar mix of glucose and fructose
(Glu + Fru), mannose (Man) or without sugar. The table shows the M-values (log2 of ratios of values
obtained from sugar-treated cultures to values from cultures cultivated without sugar). Values higher
than 1 (>2-fold induced) below −1 (>2-fold repressed) and which are based on significant differences
(Tukey HSD test; n = 6) are indicated in bold and color-coded (green: sugar induction; red: sugar
repression). Activity of glucose-6-phosphate dehydrogenase was very low and not affected.

S. herbamans Glu Fru Suc Glu + Fru Man

Aldolase −2.26 −3.35 −2.65 −3.34 −2.18
Fructokinase 3.95 3.23 3.58 3.46 3.88

GP −0.34 −2.24 1.98 −2.26 −0.54
Hexokinase 0.38 −0.15 0.32 −0.14 0.13

Invertase −1.79 −3.05 −2.84 −3.24 −4.82
PFK −2.55 −2.47 −2.31 −3.44 −3.34
PGI −7.35 −6.54 −6.59 −7.01 −9.90

PGM 0.02 0.72 0.53 0.26 −0.95
UGPase 2.90 1.80 5.05 3.73 5.07

GP: glycogen pyrophosphorylase; PFK: phosphofructokinase; PGI: phosphoglucose isomerase; PGM: phospho-
glucose mutase; UGPase: UDP-glucose pyrophosphorylase.

Fructokinase and UDP-glucose pyrophosphorylase activities were induced by all
sugars in the mycelium of S. herbamans. In contrast, all tested sugars repressed the activities
of invertase, phosphofructokinase and of phospho-glucose isomerase.

3.3. Enzymatic Activities in the Culture Medium

The activity of enzymes related to glycolysis was also analyzed in the culture medium
of S. indica and S. herbamans 5, 10 and 14 days after starting the cultures. Different enzymatic
activities were detected at the different time points. Because hyphal turnover was observed
to start at 7 days after the start of the cultures, only results obtained from the 5 days’ cultures
were taken for further consideration. Tables 4 and 5 show the induction or repression by
the different sugars in comparison with the control without sugar additions; the values for
the activities are shown in Supplemental Tables S3 and S4.

Table 4. Sugar regulation of extracellular enzyme activities of S. indica 5 days cultivated in the
presence of glucose (Glu), fructose (Fru), sucrose (Suc), an equimolar mix of glucose and fructose
(Glu + Fru), mannose (Man) or without sugar. The table shows the M-values (log2 of ratios of values
obtained from sugar-treated cultures to values from cultures cultivated without sugar). Values higher
than 1 (>2-fold induced) below −1 (>2-fold repressed) and which are based on significant differences
(Tukey HSD test; n = 6) are indicated in bold and color-coded (green: sugar induction; red: sugar
repression). Activities of UDP-glucose pyrophosphorylase were not detected.

S. indica Glu Fru Suc Glu + Fru Man Ara Gal Xyl

Aldolase −0.60 −1.39 −1.72 −2.16 0.26 −0.18 −0.55 −0.49
Fructokinase −1.38 −2.03 −1.91 −1.71 −2.48 −0.59 −0.75 −0.62

G6PDH −1.10 −1.30 −1.23 −0.99 −1.00 −0.99 −0.04 −1.01
GP 16.28 n.d. 11.81 13.81 n.d. n.d. n.d. 16.33

Hexokinase −1.45 −1.21 −1.80 −1.66 −1.95 −0.29 −0.07 −0.32
Invertase 1.79 1.75 3.33 3.73 3.34 −1.07 −0.17 −0.20

PFK −0.95 −1.87 −2.00 −2.10 −0.52 −0.52 −0.35 −0.63
PGI −3.07 −1.57 −1.59 −2.32 −0.53 0.63 0.03 −1.96

PGM 2.49 −0.75 −0.69 0.54 0.95 0.07 −1.49 2.43
G6PDH: glucose-6-phosphate dehydrogenase; GP: glycogen pyrophosphorylase; PFK: phosphofructokinase;
PGI: phosphoglucose isomerase; PGM: phosphoglucose mutase.
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Table 5. Sugar regulation of extracellular enzyme activities of S. herbamans 5 days cultivated in the
presence of glucose (Glu), fructose (Fru), sucrose (Suc), an equimolar mix of glucose and fructose
(Glu + Fru), mannose (Man) or without sugar. The table shows the M-values (log2 of ratios of values
obtained from sugar-treated cultures to values from cultures cultivated without sugar). Values higher
than 1 (>2-fold induced) below −1 (>2-fold repressed) and which are based on significant differences
(Tukey HSD test; n = 6) are indicated in bold and color-coded (green: sugar induction; red: sugar
repression). Activities of UDP-glucose pyrophosphorylase were not detected.

S. herbamans Glu Fru Suc Glu + Fru Man Ara Gal Xyl

Aldolase 1.93 2.16 1.90 1.86 2.45 1.30 1.18 1.67
Fructokinase 1.15 0.90 0.70 0.91 1.04 0.92 0.56 0.71

G6PDH 0.26 0.81 −0.62 −0.74 0.63 −0.86 −1.74 −1.32
GP 6.17 2.00 4.31 4.57 3.67 0.49 1.32 4.83

Hexokinase 0.85 1.07 0.34 0.39 1.34 0.68 0.32 0.92
Invertase −0.41 1.15 1.01 1.05 1.33 −0.28 −0.06 0.65

PFK 1.42 1.22 1.18 1.09 1.87 0.79 0.41 0.96
PGI −0.69 0.88 −0.28 −0.37 0.69 −0.24 −0.37 −0.67

PGM 4.28 2.64 3.02 2.75 2.55 1.58 0.81 3.34
G6PDH: glucose-6-phosphate dehydrogenase; GP glycogen pyrophosphorylase; PFK: phosphofructokinase;
PGI: phosphoglucose isomerase; PGM: phosphoglucose mutase.

In general, the activities of all enzymes were detected except for that of UDP-glucose
pyrophosphorylase. In the culture medium of S. indica, fructokinase activity was repressed
by glucose, fructose, by a mixture of both sugars and by sucrose and mannose. Sucrose and
mannose also repressed hexokinase activity. Glucose and xylose induced the activities of
glycogen pyrophosphorylase and phosphoglucose mutase, glycogen pyrophosphorylase
activity was additionally induced by sucrose and by the mixture of glucose and fructose.
Extracellular activities of S. herbamans were not as regulated by sugars. Only glycogen
pyrophosphorylase and phosphoglucose mutase activities were induced by glucose, whereas
invertase and phospho-glucose isomerase showed higher activities in the presence of mannose.

Invertase activity was analyzed at pH 4.5 and pH 6.8 to verify the enzyme activity
in an acidic environment. Invertase activities were found to be higher at pH 4.5 than at
pH 6.8, and this was independent of the sugars used as carbon source (Figure 3). Invertase
showed the highest activities among all analyzed enzymes (Tables S3 and S4).
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with different sugar sources. Culture supernatant was harvested, proteins were extracted and
invertase activities were measured at pH 4.5 (dark grey columns) or at pH 6.8 (light grey columns).
Mean values are shown with standard errors as bars. Significant differences of growth parameters
between different sugar sources and different pH are indicated by different letters above the columns
(two-way ANOVA Tukey Test; n = 3).

4. Discussion

Heterotrophic microorganisms, which are associated with plants, can cover their de-
mand for carbon at least partially by the interaction with their hosts. For this purpose, they
often need to adapt physiological processes involved in the utilization of the resources pro-
vided by the plant. In this work, growth and biomass development of the root endophytic
fungi Serendipita indica and Serendipita herbamans were analyzed in the presence of typical
plant sugars, and hyphae-internal and -external activities of glycolytic enzymes in response
to these sugars were quantified. A number of different sugars are present in the intercellular
spaces and in the apoplasts of root cells where they are principally available for endophytic
microorganisms. In addition, intracellular sugars are released upon programmed cell death,
which can be induced by S. indica [43].

4.1. Utilization of Plant Sugars

Several plant sugars were selected which are supposed to occur in significant amounts
in roots [44]. Sucrose is transported from source tissues to roots, where it can be cleaved
forming glucose and fructose. Mannose is an important sugar component of mannoproteins,
celluloses and hemicelluloses. Arabinose and galactose can be derived from arabinogalac-
tans, being highly ubiquitous in plants, and xylose from the xyloglucan backbone of the
primary wall and the middle lamella [24,45]. These sugars were used as the sole carbon
source in a solid medium culture of the two endophytes. The morphological analysis of
the cultures revealed an intensive radial growth in the presence of some sugars and in
the absence of any sugar, but low biomasses (Figure 1A). This phenotype is based on the
development of so-called “runner hyphae” or “explorative hyphae” and was described for
thick-walled hyphae tracking the root in the soil able to infect or colonize it [46,47]. The
phenotype observed is characterized by rapid growth, a sparse mycelium and a high secre-
tory capacity of specific enzymes. It was interpreted as a nutrient stress response where
the fungi explore the surrounding environment searching for better conditions. Despite
the poor biomass, such runner hyphae show a very uncommon high physiological activity
and active enzymatic secretion. Similar results were obtained during glucose starvation
of S. cerevisiae [48,49]. Taking this into account, the density of the hyphae as the ratio of
biomass to colony radius was taken as a measure for the utilization of the different sugars
(Figure 1C).

The results of the present study showed that monosaccharides in particular can be
easily used by the two Serendipitaceae. Glucose, fructose, sucrose, mannose, xylose and
arabinose are abundant in the plant apoplast [50–53] and could thus serve as carbon sources
when the two fungi are colonizing the root. Despite its presence in plant tissues [54],
galactose is well metabolized only by S. herbamans. Hexose transporters have been isolated
and characterized from fungi of the order Glomeromycotina, which form mutualistic
symbioses with plants, and they were able to translocate many sugars including galactose
across membranes [55,56]. Sequences for hexose transporters can be also detected in the
genomes of the two Serendipitaceae and one of the genes from S. indica highly induced
during colonization of the root has been characterized [18]. Glucose transport could be
outcompeted by a number of sugars, but barely by galactose, supporting the results of
the present study. However, a final assessment needs the analyses of all putative genes
expressed in the intraradical mycelia of both Serendipitaceae. The ability to use galactose
as carbon source is usually common among yeasts and fungi [57], but this capability is
impaired in S. indica. Interestingly, the grass endophyte Acremonium sp., was also shown to
be unable to metabolize this sugar [58]. This inability might be based on a lack of this sugar
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in the natural hosts of both Acremonium sp. and S. indica, but it needs further investigations
with endophytes and their hosts to confirm this assumption.

Among the disaccharides, only sucrose resulted in the significant formation of biomasses.
Sucrose as the main transport sugar is present in high concentrations in the apoplast and
can be used as a carbon source by many plant-interacting fungi [59–61]. This could be
based on the uptake of the disaccharide and intracellular metabolization or by the secretion
of an invertase and the subsequent uptake of glucose and fructose (see discussion below).
Lactose can be very well metabolized by saprotrophic and pathogenic fungi [62], but its
utilization is neglectable in both Serendipitaceae. This could be interpreted as a lack of
enzymes able to break the chemical bounds in lactose. Melibiose such as lactose needs an
alpha-galactosidase to cleave the molecule in glucose and galactose. The two disaccharides
only differ in the chirality of the ring formed by the galactose [63]. This similarity could
explain why both cannot be metabolized because the endophytes do not harbor alpha-
galactosidase activities, despite the fact that corresponding sequences are present in the
genome of S. indica. Lactose and melibiose are only present in low concentrations in roots;
therefore, their utilization as carbon sources might not be needed in addition to the other
highly abundant sugars.

4.2. Cytoplasmic Activity of Glycolytic Enzymes

Sugar availability modifies the pacing rate of glycolysis, and the function of particular
sugars as signals for regulating the expression of corresponding genes and the activity of
glycolytic enzymes has been investigated in a number of studies (see below). Sugars, which
are not directly catabolized in glycolysis, such as arabinose, galactose and xylose, enter
the glycolytic pathway through glucose and fructose intermediates (fructose-6-phospate,
glucose-1-phosphate and fructose-1,6-bisphosphate, respectively). For this reason, their
effect as signals has not been analyzed in the current study. In the following discussion,
starvation conditions (no sugar) have been taken as baseline. Although this is an extreme sit-
uation of metabolic stress, it shows how particular sugars act as signals on the carbohydrate
metabolism (Tables 1 and 2).

The analysis of the glycolytic pathway shows that common plant-derived sugars can
regulate the activity of different enzymes without being their direct substrates. Concerning
their regulation in S. indica (Table 2), sugars can be divided into two groups. Fructose and
mannose have mainly activating effects, whereas glucose, sucrose and the mixture of both
inhibit or activate particular enzymatic activities. In contrast, the different sugars showed
nearly identical effects in S. herbamans (Table 3). The variation in the patterns can currently
not be explained, but might be based on the different natural ecosystems and hosts where
the endophytes have been isolated, and/or by differences in the mode of colonization and
induction of programmed cell death. Both fungi, however, showed an induction of fructok-
inase and UDP-glucose pyrophosphorylase and a very strong inhibition of phosphoglucose
isomerase activity compared with starving conditions. Fructose or glucose-1-phospate
(coming from glycogen or starch) are not available at starving conditions; therefore, en-
zymes such as fructokinase and UDP-glucose pyrophosphorylase are not required. In
contrast, phosphoglucose isomerase activities are extremely high under starving conditions
which might be due to the need that any trace of glucose-6-phosphate (G6P) must be
converted to fructose-6-phosphate (F6P) to feed the further steps of glycolysis.

4.3. Extracellular Activities of Glycolytic Enzymes

Studies of S. indica reported the secretion of numerous proteins in the interaction
with the plant [38,39]. Among many other proteins, Thürich [39] identified an invertase
and a phosphoglucose isomerase in the plant-induced secretome, whereas [38] also found
these two enzymes plus a glycogen pyrophosphorylase, a phosphoglucose mutase and a
fructokinase. Very recently, ref. [64] detected the secretion of several glycosyl hydrolases,
glycosyl phosphorylases and invertase in S. indica. In contrast to these studies, we did
not identify particular proteins with induced secretion in the presence of the plant, but
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measured extracellular enzymatic activities and analyzed if particular plant sugars induce
these activities.

Among the enzymes, where activities have been detected in the culture supernatant,
the invertase holds an exceptional position. Both fungal genomes harbor only one gene.
Based on the sequence, the presence of a signal peptide for secretion could be predicted for
S. indica, but not for S. herbamans. This suggests the presence of an unconventional secretory
pathway which will be discussed below. Under starvation conditions, the extracellular
activities were already high in S. indica (Table 4) and extremely high in S. herbamans
(Table 5), and these activities were even further induced by particular sugars. An interesting
characteristic of the invertase of both endophytes was the fact that its activity was seven
times higher at pH 4.5 than at pH 6.8 (Figure 3A,B). In plant-interacting fungi, this feature
could be an adaptation to the endophytic lifestyle, as the pH of plant apoplasts is in
the range of around 5 [65,66]. Additionally, in the pathogenic fungus Puccinia graminis,
the optimal activity of invertase is at pH 5.5 [67]. Extracellular invertase activity was
not only induced by sucrose as expected, but also by an equimolar mix of glucose and
fructose, showing the opposite effect as described in plants and in S. cerevisiae, where high
concentrations of glucose and fructose have an inhibiting effect [68–70]. This could be
explained by the different metabolic functions of the enzyme in fungi and in yeast or plants.
Although invertase is needed in yeast and plants to balance the stock of sugars, in fungi it
is used to mobilize as many sugars as possible.

Besides invertase, both fungi showed significant extracellular activities for all tested
enzymes except for the UDP-glucose pyrophosphorylase. With these enzymes, both fungi
can catalyze the turn-over of sugars to glyceraldehyd-3-phosphate (Figure 4). Both fungi
also show an induction of glycogen pyrophosphorylase and phosphoglucose mutase by
glucose (Tables 4 and 5). Glycogen pyrophosphorylase polymerizes glycogen from glucose-
1-phosphate which could be provided by the activity of the phosphoglucose mutase catalyz-
ing the conversion of glucose-6-phosphate to glucose-1-phosphate. Therefore, it is possible
that both fungi use the availability of glucose for the synthesis of glycogen outside of their cells.
Secretion of glycogen pyrophosphorylase has been also reported for Paracoccidioides brasiliensis,
a human pathogen, without knowing its role in pathogenesis [71].
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related with glycolysis. Figure represents the metabolic reactions found secreted in the external
medium by S. indica (A) and S. herbamans (B). Plant sugars (glucose: Glu, fructose: Fru, sucrose:
Suc, an equimolar mix of glucose and fructose: Glu+Fru, mannose: Man, arabinose: Ara, galactose:
Gal, xylose: Xyl) induce (green) or repress (red) the activities of specific enzymes compared with
the activities of cultures grown without carbon source. Inv: invertase; FK: fructokinase; HXK:
hexokinase; G6PDH: glucose-6-phosphate dehydrogenase; GP glycogen pyrophosphorylase; PFK:
phosphofructokinase; PGI: phosphoglucose isomerase; PGM: phosphoglucose mutase; UGPase: UDP-
glucose pyrophosphorylase; Ald: aldolase. Suc: sucrose: Glu: glucose; Fru: fructose; Ara: arabinose;
Man: mannose; Gal: galactose; Xyl: xylose; G1P: glucose-1-phosphate; G6P: glucose-6-phosphate;
F6P: fructose-6-phosphate; F1-6BP: fructose-1-6-bisphosphate; 6PG: 6-Phosphogluconolacton; DHAP:
dihydroxyacetonphosphate; G3P: glyceraldehyd-3-phosphate.

Fructokinase activities are reduced in S. indica when “easy to metabolize” sugars
are present, such as glucose, fructose and sucrose. Mannose also reduces fructokinase
activity, and in this respect it is important to know that the phosphorylation of mannose by
fructokinase has been shown as a side activity in different organisms such as Escherichia coli
and spinach [72,73]. External activity of fructokinase was described for the wood-degrading
species Chaetomium globosum, where it is also inhibited by mannose [74,75]. The secretion of
phosphoglucose isomerase was also described in Paracoccidioides sp. [37,71], as mentioned
above for the glycogen pyrophosphorylase.

In summary, the inhibition of the external activities of particular enzymes in S. indica
can be inversely interpreted as a starvation response when no sugars are present. Why
they are not reduced in S. herbamans upon the application of sugars can, however, not be
explained without knowing more about the biology of the endophytes in their different
natural environments.

4.4. Secretion

The detection of extracellular activities in the present study and of proteins in the
studies by Thürich et al. [39] and Nizam et al. [38] suggests a high secretion activity in the
two endophytic fungi. Except for the invertase of S. indica, no enzyme seems to have a con-
ventional signal peptide for secretion according to the genome sequences, and apoplastic
occurrence could not be predicted in silico. The absence of conventional signal peptides for
secretion is a well-known phenomenon. Most proteins, which were secreted in A. thaliana
after stimulation with silicic acid or pathogens, did not have an N-terminal signal pep-
tide [76–78]. A C-terminal microbody targeting signal (CMTS) residing in the last three
amino acids of the sequence (-NRA) has been detected in the sequence of the phosphoglu-
cose isomerase. This secretion system was proven in many organisms (plant, yeast, insects
and mammals) and involves the transport of the enzyme through microbodies. Microbodies
are small organelles with a single membrane, including peroxisomes, glyoxysomes, and
glycosomes able to translocate and secrete proteins [79–81].

Comparing cytoplasmic and extracellular activities, a correlation has been found for
the phosphoglucose mutase where the activity similarly increases outside and inside of
the hyphae in the presence of glucose. In contrast, inverse correlations were detected for
invertase, fructokinase and hexokinase activities in S. indica and for phosphofructokinase
in S. herbamans. This implies that secretion is regulated by sugar signals and that this is not
general, but specific for particular enzymes. To the best of our knowledge, this is the first
case where such an enzyme-specific secretion by a sugar has been detected.

4.5. A New Holobiontic Model

Based on the present results and on the glycolytic enzymes detected by Thürich
et al. [39] and Nizam et al. [38] in the apoplast of S. indica-colonized plants, we postulate a
new concept concerning processes at the plant–fungus interface during their interaction.
According to this concept, this interface is not only used for communication and exchange
of nutrients, but also allows active primary metabolism reactions in a shared environment
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between the two organisms. The enzymatic reactions shown in the present study allow the
conversion of hexoses and sucrose into dihydroxyacetonphosphate and glyceraldehyd-3-
phosphate (Figure 4). Considering the enzymes detected by Nizam et al. ([38] and personal
communication), a non-interrupted pathway is present in the extracellular plant–fungus
interface until the formation of pyruvate. Pyruvate could be easily taken up, because
pyruvate transporters, which are typically present in the mitochondrial membrane, can be
also incorporated into the cell membrane [82].

In addition to nutrition, external glycolysis could also be part of a strategy to decrease
plant defense reactions. S. indica and S. herbamans induce sucrose biosynthesis in tomato
roots (publication in preparation). Because high sucrose/hexose ratios trigger defense
mechanisms such as the production of phytoalexins [83], the rapid removal of the newly
synthesized sucrose in the apoplast could be important to decrease the defense response
of the plant. In addition, the glycolytic pathway would lead to an accumulation of extra-
cellular ATP (eATP) in the apoplast of roots colonized by S. indica and this accumulation
has been confirmed [38]. Such an increase in eATP can lead to a suppression of the ex-
pression of defense-related genes, as ATP can work as negative regulator of defense signal
transduction [84].

This interface would be an integrated holobiontic cytosol able to sustain an energy-
producing system with the regeneration of ATP and NAD+/H through the glycolytic
pathway. Once these cofactors are actively regenerated, they could also sustain protein
synthesis systems. This would imply the presence of ribosomal proteins in the apoplast. So
far, reports of ribosomes in the apoplast are not known, although Kwon et al. [85] reported
the presence of 60S ribosomal protein L12 and the elongation factor 1-α in A. thaliana
apoplast extract, but it was considered by the authors as cytosolic leakage. Nizam et al. ([38]
and personal communication) reported the presence of fungal protein PIIN_04876 in co-
cultivation with S. indica in a barley apoplast, with probable TIF2 translation initiation
factor eIF4A, PIIN_06177 related to translation elongation factor eEF1, and bioinformatics
analysis predicted the secretion of PIIN_03008, probable translation elongation factor eEF
_1. Long distance transports through the phloem of several species of RNA is known in
plants [86], and this could support the presence of ribosomal complexes or tRNA for an
eventual apoplastic protein synthesis.

5. Conclusions

In summary, typical plant sugars can modulate the secretion of fungal cytosolic
enzymes. The first part of the glycolytic pathway was recorded and analyzed in this
work, and other studies suggest that the entire pathway may be present. The activity of
the secreted enzymes is unchanged. These findings lead to the hypothesis of external
glycolysis in the apoplast converting it into an additional compartment where sugars
can be metabolized in a closed space before the resulting metabolites are transported to
the cytoplasm.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/microorganisms10020320/s1. Table S1: Activities of glycolytic
enzymes (nkat/gr) in the cytosol of S. indica when cultivated with glucose (Glu), fructose (Fru),
sucrose (Suc), an equimolar mix of glucose and fructose (Glu + Fru), mannose (Man) and without
sugar for 14 days. The table shows average values ± standard errors. Significant differences of
enzymatic activities in mycelia fed with the different sugars are indicated by different letters (Tukey
HSD test; n = 6). Significant higher activities compared to starvation (no sugar) are indicated in green,
lower activities in red bold letters. Table S2: Activities of glycolytic enzymes (nkat/gr) in the cytosol
of S. herbamans when cultivated with different sugars: glucose (Glu), fructose (Fru), sucrose (Suc), an
equimolar mix of glucose and fructose (Glu + Fru), mannose (Man) and no sugar for 14 days. This
table has to be read only by rows. The table shows average values ± standard errors. Significant
differences of enzymatic activities in mycelia fed with the different sugars are indicated by different
letters (Tukey HSD test; n = 6). Significant higher activities compared to starvation (no sugar) are
indicated in green, lower activities in red bold letters. Table S3: Secreted activities of glycolytic
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enzymes (nkat/gr) in the liquid medium of S. indica when cultivated with glucose (Glu), fructose
(Fru), sucrose (Suc), an equimolar mix of glucose and fructose (Glu + Fru), mannose (Man) and
without sugar for 5 days. The table shows average values ± standard errors. Significant differences
of enzymatic activities in mycelia fed with the different sugars are indicated by different letters
(Tukey HSD test; n = 6). Significant higher activities compared to starvation (no sugar) are indicated
in green, lower activities in red bold letters. Activities of UDP-glucose pyrophosphorylase were
not detected. Table S4: Secreted activities of glycolytic enzymes (nkat/gr) in the liquid medium of
S. herbamans when cultivated with glucose (Glu), fructose (Fru), sucrose (Suc), an equimolar mix of
glucose and fructose (Glu + Fru), mannose (Man) and without sugar for 5 days. The table shows
average values ± standard errors. Significant differences of enzymatic activities in mycelia fed with
the different sugars are indicated by different letters (Tukey HSD test; n = 6). Significant higher
activities compared to starvation (no sugar) are indicated in green, lower activities in red bold letters.
Activities of UDP-glucose pyrophosphorylase were not detected.

Author Contributions: V.D.R. carried out the experiments and wrote the manuscript. P.F. and T.R.
supervised the experiments. All authors gave intellectual input and critically revised the manuscript.
All authors have read and agreed to the published version of the manuscript.

Funding: This project has received funding from the European Union’s Horizon 2020 Research and
Innovation Program under the Marie Skłodowska-Curie Grant Agreement No. 676480 and from the
Ministry of Consumer Protection, Food, and Agriculture of the Federal Republic of Germany, from
the Ministry for Science, Research, and Culture of the State of Brandenburg, and from the Thuringian
Ministry of Infrastructure and Agriculture. Since 2019, PH is funded by the Thuringian Ministry for
Economic Affairs, Science, and Digital Society. TR is funded by the Ministry of Education, Youth
and Sports of the Czech Republic as part of the National Sustainability Programme I (NPU I), grant
number LO1415.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Weiß, M.; Waller, F.; Zuccaro, A.; Selosse, M. Sebacinales—One thousand and one interactions with land plants. New Phytol. 2016,

211, 20–40. [CrossRef]
2. Verma, S.; Varma, A.; Rexer, K.-H.; Hassel, A.; Kost, G.; Sarbhoy, A.; Bisen, P.; Butehorn, B.; Franken, P. Piriformospora indica, gen.

et sp. nov., a New Root-Colonizing Fungus. Mycologia 1998, 90, 896. [CrossRef]
3. Varma, A.; Verma, S.; Sahay, N. Piriformospora Indica, Ble Plant-Growth-Promoting Root Endophyte. Appl. Environ. Microbiol.

1999, 65, 22–26. [CrossRef]
4. Banhara, A.; Ding, Y.; Kühner, R.; Zuccaro, A.; Parniske, M. Colonization of root cells and plant growth promotion by Piriformo-

spora indica occurs independently of plant common symbiosis genes. Front. Plant Sci. 2015, 6, 667. [CrossRef]
5. Fakhro, A.; Andrade-Linares, D.R.; Von Bargen, S.; Bandte, M.; Büttner, C.; Grosch, R.; Schwarz, D.; Franken, P. Impact of

Piriformospora indica on tomato growth and on interaction with fungal and viral pathogens. Mycorrhiza 2010, 20, 191–200.
[CrossRef]

6. Gill, S.S.; Gill, R.; Trivedi, D.K.; Anjum, N.A.; Sharma, K.K.; Ansari, M.W.; Ansari, A.A.; Johri, A.K.; Prasad, R.; Pereira, E.; et al.
Piriformospora indica: Potential and Significance in Plant Stress Tolerance. Front. Microbiol. 2016, 7, 332. [CrossRef]

7. Varma, A.; Verma, S.; Sahay, N.; Tehorn, B.B.; Franken, P.; Varma, A.; Sahay, N.; Bütehorn, B.; Franken, P.V.S.S. Piriformospora
Indica, a Cultivable Plant-Growth-Promoting Root Endophyte. Appl. Environ. Microbiol. 1999, 65, 2741–2744. [CrossRef]

8. Waller, F.; Achatz, B.; Baltruschat, H.; Fodor, J.; Becker, K.; Fischer, M.; Heier, T.; Hückelhoven, R.; Neumann, C.; von Wettstein, D.;
et al. The endophytic fungus Piriformospora indica reprograms barley to salt-stress tolerance, disease resistance, and higher
yield. Proc. Natl. Acad. Sci. USA 2005, 102, 13386–13391. [CrossRef]

9. Riess, K.; Oberwinkler, F.; Bauer, R.; Garnica, S. Communities of Endophytic Sebacinales Associated with Roots of Herbaceous
Plants in Agricultural and Grassland Ecosystems Are Dominated by Serendipita herbamans sp. nov. PLoS ONE 2014, 9, e94676.
[CrossRef]

10. Blechert, O.; Kost, G.; Hassel, A.; Rexer, K.-H.; Varma, A. First Remarks on the Symbiotic Interaction Between Piriformospora
indica and Terrestrial Orchids. In Mycorrhiza; Springer: Singapore, 1999; pp. 683–688.

11. Vohník, M.; Pánek, M.; Fehrer, J.; Selosse, M.-A. Experimental evidence of ericoid mycorrhizal potential within Serendipitaceae
(Sebacinales). Mycorrhiza 2016, 26, 831–846. [CrossRef]

http://doi.org/10.1111/nph.13977
http://doi.org/10.2307/3761331
http://doi.org/10.1128/AEM.65.6.2741-2744.1999
http://doi.org/10.3389/fpls.2015.00667
http://doi.org/10.1007/s00572-009-0279-5
http://doi.org/10.3389/fmicb.2016.00332
http://doi.org/10.1128/AEM.65.6.2741-2744.1999
http://doi.org/10.1073/pnas.0504423102
http://doi.org/10.1371/journal.pone.0094676
http://doi.org/10.1007/s00572-016-0717-0


Microorganisms 2022, 10, 320 15 of 17

12. Behie, S.W.; Bidochka, M.J. Nutrient transfer in plant–fungal symbioses. Trends Plant Sci. 2014, 19, 734–740. [CrossRef]
13. Gianinazzi-Pearson, V. Plant Cell Responses to Arbuscular Mycorrhizal Fungi: Getting to the Roots of the Symbiosis. Plant Cell

1996, 8, 1871–1883. [CrossRef]
14. Parniske, M. Molecular genetics of the arbuscular mycorrhizal symbiosis. Curr. Opin. Plant Biol. 2004, 7, 414–421. [CrossRef]
15. Harrison, M.J. Signaling in the Arbuscular Mycorrhizal Symbiosis. Annu. Rev. Microbiol. 2005, 59, 19–42. [CrossRef]
16. Wang, W.; Shi, J.; Xie, Q.; Jiang, Y.; Yu, N.; Wang, E. Nutrient Exchange and Regulation in Arbuscular Mycorrhizal Symbiosis. Mol.

Plant 2017, 10, 1147–1158. [CrossRef]
17. Zuccaro, A.; Lahrmann, U.; Güldener, U.; Langen, G.; Pfiffi, S.; Biedenkopf, D.; Wong, P.; Samans, B.; Grimm, C.; Basiewicz,

M.; et al. Endophytic Life Strategies Decoded by Genome and Transcriptome Analyses of the Mutualistic Root Symbiont
Piriformospora indica. PLoS Pathog. 2011, 7, e1002290. [CrossRef]

18. Rani, M.; Raj, S.; Dayaman, V.; Kumar, M.; Dua, M.; Johri, A.K. Functional Characterization of a Hexose Transporter from Root
Endophyte Piriformospora indica. Front. Microbiol. 2016, 7, 1083. [CrossRef]

19. Kaschuk, G.; Hungria, M.; Leffelaar, P.A.; Giller, K.E.; Kuyper, T.W. Differences in photosynthetic behaviour and leaf senescence
of soybean (Glycine max [L.] Merrill) dependent on N2 fixation or nitrate supply. Plant Biol. 2010, 12, 60–69. [CrossRef]

20. Paul, M.J.; Pellny, T.K. Carbon metabolite feedback regulation of leaf photosynthesis and development. J. Exp. Bot. 2003, 54,
539–547. [CrossRef]

21. Paul, M.J.; Foyer, C.H. Sink regulation of photosynthesis. J. Exp. Bot. 2001, 52, 1383–1400. [CrossRef]
22. Ramon, M.; Rolland, F.; Sheen, J. Sugar Sensing and Signaling. Arab. Book 2008, 6, e0117. [CrossRef]
23. Jang, J.C.; Sheen, J. Sugar Sensing in Higher Plants. Trends Plant Sci. 1997, 15, 773–785. [CrossRef]
24. Hu, X.; Shi, Y.; Zhang, P.; Miao, M.; Zhang, T.; Jiang, B. d-Mannose: Properties, Production, and Applications: An Overview.

Compr. Rev. Food Sci. Food Saf. 2016, 15, 773–785. [CrossRef]
25. Engel, J.; Schmalhorst, P.; Routier, F.H. Biosynthesis of the Fungal Cell Wall Polysaccharide Galactomannan Requires Intraluminal

GDP-mannose. J. Biol. Chem. 2012, 287, 44418–44424. [CrossRef]
26. Kawaguchi, H.; Sasaki, M.; Vertès, A.A.; Inui, M.; Yukawa, H. Identification and Functional Analysis of the Gene Cluster for

l-Arabinose Utilization in Corynebacterium glutamicum. Appl. Environ. Microbiol. 2009, 75, 3419–3429. [CrossRef]
27. Xiao, H.; Gu, Y.; Ning, Y.; Yang, Y.; Mitchell, W.J.; Jiang, W.; Yang, S. Confirmation and Elimination of Xylose Metabolism

Bottlenecks in Glucose Phosphoenolpyruvate-Dependent Phosphotransferase System-Deficient Clostridium acetobutylicum for
Simultaneous Utilization of Glucose, Xylose, and Arabinose. Appl. Environ. Microbiol. 2011, 77, 7886–7895. [CrossRef]

28. Saltman, P. Hexokinase in Higher Plants. J. Biol. Chem. 1953, 200, 145–154. [CrossRef]
29. Bessell, E.M.; Foster, A.B.; Westwood, J.H. The use of deoxyfluoro-d-glucopyranoses and related compounds in a study of yeast

hexokinase specificity. Biochem. J. 1972, 128, 199–204. [CrossRef]
30. Conesa, A.; Punt, P.J.; Van Luijk, N.; van den Hondel, C.A.M.J.J. The Secretion Pathway in Filamentous Fungi: A Biotechnoloical

View. Fungal Genet. Biol. 2001, 33, 155–171. [CrossRef]
31. Miura, N.; Ueda, M. Evaluation of Unconventional Protein Secretion by Saccharomyces cerevisiae and other Fungi. Cells 2018, 7, 128.

[CrossRef]
32. Gil-Bona, A.; Llama-Palacios, A.; Parra, C.M.; Vivanco, F.; Nombela, C.; Monteoliva, L.; Gil, C. Proteomics Unravels Extracellular

Vesicles as Carriers of Classical Cytoplasmic Proteins in Candida albicans. J. Proteome Res. 2015, 14, 142–153. [CrossRef]
33. Oliveira, D.L.; Nakayasu, E.S.; Joffe, L.S.; Guimarães, A.J.; Sobreira, T.J.P.; Nosanchuk, J.D.; Cordero, R.J.B.; Frases, S.; Casadevall,

A.; Almeida, I.C.; et al. Characterization of Yeast Extracellular Vesicles: Evidence for the Participation of Different Pathways of
Cellular Traffic in Vesicle Biogenesis. PLoS ONE 2010, 5, e11113. [CrossRef]

34. Vallejo, M.C.; Nakayasu, E.S.; Matsuo, A.L.; Sobreira, T.J.P.; Longo, L.V.G.; Ganiko, L.; Almeida, I.C.; Puccia, R. Vesicle and
Vesicle-Free Extracellular Proteome of Paracoccidioides brasiliensis: Comparative Analysis with Other Pathogenic Fungi. J.
Proteome Res. 2012, 11, 1676–1685. [CrossRef]

35. Yang, C.-K.; Ewis, H.E.; Zhang, X.; Lu, C.-D.; Hu, H.-J.; Pan, Y.; Abdelal, A.T.; Tai, P.C. Nonclassical Protein Secretion by Bacillus
subtilis in the Stationary Phase Is Not Due to Cell Lysis. J. Bacteriol. 2011, 193, 5607–5615. [CrossRef]

36. Yang, C.-K.; Zhang, X.-Z.; Lu, C.-D.; Tai, P.C. An internal hydrophobic helical domain of Bacillus subtilis enolase is essential but
not sufficient as a non-cleavable signal for its secretion. Biochem. Biophys. Res. Commun. 2014, 446, 901–905. [CrossRef]

37. de Oliveira, A.R.; Oliveira, L.N.; Chaves, E.; Weber, S.S.; Bailão, A.M.; Parente-Rocha, J.A.; Baeza, L.C.; Soares, C.M.D.A.; Borges,
C.L. Characterization of extracellular proteins in members of the Paracoccidioides complex. Fungal Biol. 2018, 122, 738–751.
[CrossRef]

38. Nizam, S.; Qiang, X.; Wawra, S.; Nostadt, R.; Getzke, F.; Schwanke, F.; Dreyer, I.; Langen, G.; Zuccaro, A. Serendipita indica E5′

NT modulates extracellular nucleotide levels in the plant apoplast and affects fungal colonization. EMBO Rep. 2019, 20, 47430.
[CrossRef]

39. Thürich, J.; Meichsner, D.; Furch, A.C.U.; Pfalz, J.; Krüger, T.; Kniemeyer, O.; Brakhage, A.; Oelmüller, R. Arabidopsis thaliana
responds to colonisation of Piriformospora indica by secretion of symbiosis-specific proteins. PLoS ONE 2018, 13, e0209658.
[CrossRef]

40. Jammer, A.; Gasperl, A.; Luschin-Ebengreuth, N.; Heyneke, E.; Chu, H.; Cantero-Navarro, E.; Großkinsky, D.K.; Albacete, A.A.;
Stabentheiner, E.; Franzaring, J.; et al. Simple and robust determination of the activity signature of key carbohydrate metabolism
enzymes for physiological phenotyping in model and crop plants. J. Exp. Bot. 2015, 66, 5531–5542. [CrossRef]

http://doi.org/10.1016/j.tplants.2014.06.007
http://doi.org/10.2307/3870236
http://doi.org/10.1016/j.pbi.2004.05.011
http://doi.org/10.1146/annurev.micro.58.030603.123749
http://doi.org/10.1016/j.molp.2017.07.012
http://doi.org/10.1371/journal.ppat.1002290
http://doi.org/10.3389/fmicb.2016.01083
http://doi.org/10.1111/j.1438-8677.2009.00211.x
http://doi.org/10.1093/jxb/erg052
http://doi.org/10.1093/jexbot/52.360.1383
http://doi.org/10.1199/tab.0117
http://doi.org/10.1016/S1360-1385(97)89545-3
http://doi.org/10.1111/1541-4337.12211
http://doi.org/10.1074/jbc.M112.398321
http://doi.org/10.1128/AEM.02912-08
http://doi.org/10.1128/AEM.00644-11
http://doi.org/10.1016/S0021-9258(18)38447-3
http://doi.org/10.1042/bj1280199
http://doi.org/10.1006/fgbi.2001.1276
http://doi.org/10.3390/cells7090128
http://doi.org/10.1021/pr5007944
http://doi.org/10.1371/journal.pone.0011113
http://doi.org/10.1021/pr200872s
http://doi.org/10.1128/JB.05897-11
http://doi.org/10.1016/j.bbrc.2014.03.032
http://doi.org/10.1016/j.funbio.2018.04.001
http://doi.org/10.15252/embr.201847430
http://doi.org/10.1371/journal.pone.0209658
http://doi.org/10.1093/jxb/erv228


Microorganisms 2022, 10, 320 16 of 17

41. Pontecorvo, G.; Roper, J.; Chemmons, L.; Macdonald, K.; Bufton, A. The Genetics of Aspergillus nidulans. Adv. Genet. 1953, 5,
141–238. [CrossRef]

42. Bonfig, K.B.; Gabler, A.; Simon, U.K.; Luschin-Ebengreuth, N.; Hatz, M.; Berger, S.; Muhammad, N.; Zeier, J.; Sinha, A.K.; Roitsch,
T. Post-Translational Derepression of Invertase Activity in Source Leaves via Down-Regulation of Invertase Inhibitor Expression
Is Part of the Plant Defense Response. Mol. Plant 2010, 3, 1037–1048. [CrossRef]

43. Deshmukh, S.; Huckelhoven, R.; Schäfer, P.; Imani, J.; Sharma, M.; Weiss, M.; Waller, F.; Kogel, K.-H. The root endophytic fungus
Piriformospora indica requires host cell death for proliferation during mutualistic symbiosis with barley. Proc. Natl. Acad. Sci.
USA 2006, 103, 18450–18457. [CrossRef]

44. Slewinski, T.L. Diverse Functional Roles of Monosaccharide Transporters and Their Homologs in Vascular Plants: A Physiological
Perspective. Mol. Plant 2011, 4, 641–662. [CrossRef]

45. Seifert, G.; Barber, C.; Wells, B.; Dolan, L.; Roberts, K. Galactose Biosynthesis in Arabidopsis: Genetic Evidence for Substrate
Channeling from UDP-D-Galactose into Cell Wall Polymers. Curr. Biol. 2002, 12, 1840–1845. [CrossRef]

46. Friese, C.; Allen, M. Tracking the fates of exotic and local VA mycorrhizal fungi: Methods and patterns. Agric. Ecosyst. Environ.
1991, 34, 87–96. [CrossRef]

47. Morton, J.B.; Koske, R.E.; Stürmer, S.L.; Bentivenga, S.P. Mutualistic Arbuscular Endomycorrhizal Fungi. In Biodiversity of Fungi:
Inventory and Monitoring Methods; Elsevier: Amsterdam, The Netherlands, 2004; pp. 317–336.

48. Giardina, B.J.; Stanley, B.A.; Chiang, H.-L. Glucose induces rapid changes in the secretome of Saccharomyces cerevisiae. Proteome
Sci. 2014, 12, 9. [CrossRef]

49. Stein, K.; Chiang, H.L. Exocytosis and Endocytosis of Small Vesicles across the Plasma Membrane in Saccharomyces Cerevisiae.
Membranes 2014, 4, 608–629. [CrossRef]

50. Büttner, M. The Arabidopsis sugar transporter (AtSTP) family: An update. Plant Biol. 2010, 12, 35–41. [CrossRef]
51. Rottmann, T.M.; Klebl, F.; Schneider, S.; Kischka, D.; Rüscher, D.; Sauer, N.; Stadler, R. Sugar Transporter STP7 Specificity for

l-Arabinose and d-Xylose Contrasts with the Typical Hexose Transporters STP8 and STP12. Plant Physiol. 2018, 176, 2330–2350.
[CrossRef]

52. O’Leary, B.; Neale, H.C.; Geilfus, C.-M.; Jackson, R.; Arnold, D.L.; Preston, G.M. Early changes in apoplast composition associated
with defence and disease in interactions Phaseolus Vulgaris and the Halo Blight Pathogen Pseudomonas Syringae Pv. Phaseolicola.
Plant Cell Environ. 2016, 39, 2172–2184. [CrossRef]

53. Lee, E.-J.; Matsumura, Y.; Soga, K.; Hoson, T.; Koizumi, N. Glycosyl Hydrolases of Cell Wall are Induced by Sugar Starvation in
Arabidopsis. Plant Cell Physiol. 2007, 48, 405–413. [CrossRef]

54. Quirino, B.F.; Reiter, W.-D.; Amasino, R.D. One of two tandem Arabidopsis genes homologous to monosaccharide transporters is
senescence-associated. Plant Mol. Biol. 2001, 46, 447–457. [CrossRef]

55. Schüßler, A.; Martin, H.; Cohen, D.; Fitz, M.; Wipf, D. Arbuscular MycorrhizaMycorrhiza—Studies on the Geosiphon Symbiosis
Lead to the Characterization of the First Glomeromycotan Sugar Trans-porter. Plant Signal. Behav. 2007, 2, 431–434. [CrossRef]

56. Helber, N.; Wippel, K.; Sauer, N.; Schaarschmidt, S.; Hause, B.; Requena, N. A Versatile Monosaccharide Transporter That
Operates in the Arbuscular Mycorrhizal Fungus Glomus sp Is Crucial for the Symbiotic Relationship with Plants. Plant Cell 2011,
23, 3812–3823. [CrossRef]

57. Martchenko, M.; Levitin, A.; Hogues, H.; Nantel, A.; Whiteway, M. Transcriptional Rewiring of Fungal Galactose-Metabolism
Circuitry. Curr. Biol. 2007, 17, 1007–1013. [CrossRef]

58. Bacon, C.W.; White, J.F. Biotechnology of Endophytic Fungi of Grasses; CRC Press: Boca Raton, FL, USA, 2018; ISBN 978-1-351-07877-1.
59. Hadacek, F. Plant root carbohydrates affect growth behaviour of endophytic microfungi. FEMS Microbiol. Ecol. 2002, 41, 161–170.

[CrossRef]
60. Boldt, K.; Pörs, Y.; Haupt, B.; Bitterlich, M.; Kühn, C.; Grimm, B.; Franken, P. Photochemical processes, carbon assimilation

and RNA accumulation of sucrose transporter genes in tomato arbuscular mycorrhiza. J. Plant Physiol. 2011, 168, 1256–1263.
[CrossRef]

61. Bitterlich, M.; Krügel, U.; Boldt-Burisch, K.; Franken, P.; Kühn, C. The sucrose transporter Sl SUT 2 from tomato interacts with
brassinosteroid functioning and affects arbuscular mycorrhiza formation. Plant J. 2014, 78, 877–889. [CrossRef]

62. Seiboth, B.; Pakdaman, B.S.; Hartl, L.; Kubicek, C.P. Lactose Metabolism in Filamentous Fungi: How to Deal with an Unknown
Substrate. Fungal Biol. Rev. 2007, 21, 42–48. [CrossRef]

63. Kennedy, J.F.; Quinton, L. Essentials of Carbohydrate Chemistry and Biochemistry. Carbohydr. Polym. 2002, 47, 87. [CrossRef]
64. de Queiroz, C.B.; Santana, M.F. Prediction of the secretomes of endophytic and nonendophytic fungi reveals similarities in host

plant infection and colonization strategies. Mycologia 2020, 112, 491–503. [CrossRef]
65. Ehlert, C.; Plassard, C.; Cookson, S.J.; Tardieu, F.; Simonneau, T. Do pH changes in the leaf apoplast contribute to rapid inhibition

of leaf elongation rate by water stress? Comparison of stress responses induced by polyethylene glycol and down-regulation of
root hydraulic conductivity. Plant Cell Environ. 2011, 34, 1258–1266. [CrossRef]

66. Grignon, C.; Sentenac, H. PH and Ionic Conditions in the Apoplast. Annu. Rev. Plant Physiol. Plant Mol. Biol. 1991, 98, 451–463.
[CrossRef]

67. Williams, A.M.; MacLean, D.J.; Scott, K.J. Cellular Location and Properties of Invertase in Mycelium of Puccinia Graminis. New
Phytol. 1984, 98, 451–463. [CrossRef]

68. Nelson, J.M.; Anderson, R.S. Glucose and Fructose Retardation of Invertase Action. J. Biol. Chem. 1926, 69, 443–448. [CrossRef]

http://doi.org/10.1016/s0065-2660(08)60408-3
http://doi.org/10.1093/mp/ssq053
http://doi.org/10.1073/pnas.0605697103
http://doi.org/10.1093/mp/ssr051
http://doi.org/10.1016/S0960-9822(02)01260-5
http://doi.org/10.1016/0167-8809(91)90096-G
http://doi.org/10.1186/1477-5956-12-9
http://doi.org/10.3390/membranes4030608
http://doi.org/10.1111/j.1438-8677.2010.00383.x
http://doi.org/10.1104/pp.17.01493
http://doi.org/10.1111/pce.12770
http://doi.org/10.1093/pcp/pcm009
http://doi.org/10.1023/A:1010639015959
http://doi.org/10.4161/psb.2.5.4465
http://doi.org/10.1105/tpc.111.089813
http://doi.org/10.1016/j.cub.2007.05.017
http://doi.org/10.1111/j.1574-6941.2002.tb00977.x
http://doi.org/10.1016/j.jplph.2011.01.026
http://doi.org/10.1111/tpj.12515
http://doi.org/10.1016/j.fbr.2007.02.006
http://doi.org/10.1016/S0144-8617(01)00274-0
http://doi.org/10.1080/00275514.2020.1716566
http://doi.org/10.1111/j.1365-3040.2011.02326.x
http://doi.org/10.1146/annurev.pp.42.060191.000535
http://doi.org/10.1111/j.1469-8137.1984.tb04138.x
http://doi.org/10.1016/S0021-9258(18)84561-6


Microorganisms 2022, 10, 320 17 of 17

69. Dynesen, J.; Smits, H.P.; Olsson, L.; Nielsen, J. Carbon catabolite repression of invertase during batch cultivations of Saccharomyces
cerevisiae: The role of glucose, fructose, and mannose. Appl. Microbiol. Biotechnol. 1998, 50, 579–582. [CrossRef]

70. Zhang, D. Post-translational inhibitory regulation of acid invertase induced by fructose and glucose in developing apple fruit. Sci.
China Ser. C Life Sci. 2002, 45, 309–321. [CrossRef]

71. Longo, L.V.G.; Da Cunha, J.P.C.; Sobreira, T.J.P.; Puccia, R. Proteome of cell wall-extracts from pathogenic Paracoccidioides
brasiliensis: Comparison among morphological phases, isolates, and reported fungal extracellular vesicle proteins. EuPA Open
Proteom. 2014, 3, 216–228. [CrossRef]

72. Weisser, P.; Krämer, R.; A Sprenger, G. Expression of the Escherichia coli pmi gene, encoding phosphomannose-isomerase in
Zymomonas mobilis, leads to utilization of mannose as a novel growth substrate, which can be used as a selective marker. Appl.
Environ. Microbiol. 1996, 62, 4155–4161. [CrossRef]

73. Schnarrenberger, C. Characterization and compartmentation, in green leaves, of hexokinases with different specificities for
glucose, fructose, and mannose and for nucleoside triphosphates. Planta 1990, 181, 249–255. [CrossRef]

74. Domsch, W.K.; Gams, T.A. Compendium of Soil Fungi. Institute of Soil Biology. Fed. Agric. Res. Cent. 1993. [CrossRef]
75. Adomako, D.; Kaye, A.G.; Lewis, D.H. Carbohydrate Metabolism in Chaetomium Globosum. II. Some Properties of Kinases and

Isomerases Initiating the Utilization of Sugars. New Phytol. 1971, 70, 699–712. [CrossRef]
76. Kaffarnik, F.A.R.; Jones, A.; Rathjen, J.; Peck, S.C. Effector Proteins of the Bacterial Pathogen Pseudomonas syringae Alter the

Extracellular Proteome of the Host Plant, Arabidopsis thaliana. Mol. Cell. Proteom. 2009, 8, 145–156. [CrossRef]
77. Floerl, S.; Majcherczyk, A.; Possienke, M.; Feussner, K.; Tappe, H.; Gatz, C.; Feussner, I.; Kües, U.; Polle, A. Verticillium

longisporum Infection Affects the Leaf Apoplastic Proteome, Metabolome, and Cell Wall Properties in Arabidopsis thaliana. PLoS
ONE 2012, 7, e31435. [CrossRef]

78. Cheng, F.-Y.; Blackburn, K.; Lin, Y.-M.; Goshe, M.B.; Williamson, J.D. Absolute Protein Quantification by LC/MSE for Global
Analysis of Salicylic Acid-Induced Plant Protein Secretion Responses. J. Proteome Res. 2009, 8, 82–93. [CrossRef]

79. Gould, S.J.; Keller, G.-A.; Schneider, M.; Howell, S.H.; Garrard, L.J.; Goodman, J.M.; Distel, B.; Tabak, H. Subramani Peroxisomal
Protein Import Is Conserved between Yeast, Plants, Insects and Mammals. Trends Genet. 1990, 6, 73. [CrossRef]

80. Gould, S.J.; Keller, G.A.; Subramani, S. Identification of peroxisomal targeting signals located at the carboxy terminus of four
peroxisomal proteins. J. Cell Biol. 1988, 107, 897–905. [CrossRef]

81. Gould, S.J.; Keller, G.-A.; Hosken, N.; Wilkinson, J.; Subramani, S. A conserved tripeptide sorts proteins to peroxisomes. J. Cell
Biol. 1989, 108, 1657–1664. [CrossRef]

82. McCommis, K.S.; Finck, B.N. Mitochondrial pyruvate transport: A historical perspective and future research directions. Biochem.
J. 2015, 466, 443–454. [CrossRef]

83. Kwon, Y.; Oh, J.E.; Noh, H.; Hong, S.-W.; Bhoo, S.H.; Lee, H. The ethylene signaling pathway has a negative impact on
sucrose-induced anthocyanin accumulation in Arabidopsis. J. Plant Res. 2010, 124, 193–200. [CrossRef]

84. Chivasa, S.; Murphy, A.M.; Hamilton, J.M.; Lindsey, K.; Carr, J.P.; Slabas, A.R. Extracellular ATP is a regulator of pathogen defence
in plants. Plant J. 2009, 60, 436–448. [CrossRef]

85. Kwon, H.-K.; Yokoyama, R.; Nishitani, K. A Proteomic Approach to Apoplastic Proteins Involved in Cell Wall Regeneration in
Protoplasts of Arabidopsis Suspension-cultured Cells. Plant Cell Physiol. 2005, 46, 843–857. [CrossRef]

86. Kehr, J.; Kragler, F. Long distance RNA movement. New Phytol. 2018, 218, 29–40. [CrossRef]

http://doi.org/10.1007/s002530051338
http://doi.org/10.1360/02yc9034
http://doi.org/10.1016/j.euprot.2014.03.003
http://doi.org/10.1128/aem.62.11.4155-4161.1996
http://doi.org/10.1007/BF02411547
http://doi.org/10.1111/j.1365-2389.2008.01052_1.x
http://doi.org/10.1111/j.1469-8137.1971.tb02571.x
http://doi.org/10.1074/mcp.M800043-MCP200
http://doi.org/10.1371/journal.pone.0031435
http://doi.org/10.1021/pr800649s
http://doi.org/10.1016/0168-9525(90)90086-l
http://doi.org/10.1083/jcb.107.3.897
http://doi.org/10.1083/jcb.108.5.1657
http://doi.org/10.1042/BJ20141171
http://doi.org/10.1007/s10265-010-0354-1
http://doi.org/10.1111/j.1365-313X.2009.03968.x
http://doi.org/10.1093/pcp/pci089
http://doi.org/10.1111/nph.15025

	Introduction 
	Materials and Methods 
	Fungal Cultivation 
	Protein Extraction and Enzymatic Activity Analysis 
	Protein Secretion and Signal Peptide 
	Statistical Analysis 

	Results 
	Sugar Utilization 
	Enzymatic Activities in the Cytosol 
	Enzymatic Activities in the Culture Medium 

	Discussion 
	Utilization of Plant Sugars 
	Cytoplasmic Activity of Glycolytic Enzymes 
	Extracellular Activities of Glycolytic Enzymes 
	Secretion 
	A New Holobiontic Model 

	Conclusions 
	References

