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Summary

Cryptococcus neoformans is an important human,
fungal pathogen that sheds polysaccharide (exo-PS)
into host tissues. While shed exo-PS mediates numer-
ous untoward effects (including promoting increased
intracranial pressure), little is known about the regu-
lation of this phenomenon. Since downregulation of
the Allergen 1 (ALL1) gene is associated with high
ICP, we investigated the relationship between ALL1
expression and exo-PS structure using a variety of
biophysical techniques. The Dall1 mutants of two sero-
types produced a shorter exo-PS with less branching
and structural complexity than the parental strains.
Consistent with lower branching, these exo-PSs
manifested higher intrinsic viscosity than the parental
strains. The Dall1 mutant strains manifested differ-
ences in epitope expression and significant resistance
to phagocytosis. Exo-PS of Dall1 mutant exhibited
anti-phagocytic properties. Comparative transcrip-
tome analysis of mutant and parental strain under
iron-deprived conditions indicated a role of ALL1 in
iron homeostasis, characterized by differential regula-
tion of genes that mediate iron reduction and trans-
port. Together, our results demonstrate a role of ALL1
in regulating conformational aspects of PS structure
and iron homeostasis. These findings provide a
mechanism to explain how changes in ALL1 expres-
sion influence virulence of switch variants and
suggest that structural changes and polymer length
are epigenetically regulated.

Introduction

Cryptococcus neoformans is an important fungal pathogen
in patients with AIDS. The most common clinical presen-
tation of cryptococcosis is chronic meningoencephalitis
(CME), a leading infectious cause of death in the world,
particularly in Africa (Park et al., 2009), with 10-week mor-
tality rates between 25% and 50% (Imwidthaya and
Poungvarin, 2000; Bicanic et al., 2007; Kambugu et al.,
2008). One of the unique features of C. neoformans is its
PS capsule that is induced during infection (Zaragoza
et al., 2009). The PS capsule is essential for virulence
(Chang and Kwon-Chung, 1994; McClelland et al., 2005)
and is predominantly composed of glucuronoxylomannan
(GXM) (McFadden et al., 2006). This large polymer con-
sists of structural reporter groups (SRGs), which are com-
posed of an a-(1,3)-mannan main chain with b-(1,2)-
glucuronic acid and a b-(1,2)- or b(1,4) xylosyl residues
units (Cherniak et al., 1998).

Cryptococcus neoformans induces its polysaccharide
capsule in iron deprived conditions and releases substan-
tial quantities of exo-PS into the cerebrospinal fluid (CSF)
during chronic infection causing serious complications
(Goldman et al., 1997; Graybill et al., 2000). The accumu-
lation of shed exo-PS in host tissues interferes with CSF
re-absorption at the level of the granulations in the arach-
noid villi and thus is thought to play a key role in the
development of elevated ICP (Graybill et al., 2000). High
ICP is difficult to treat, and is associated with significant
morbidity and mortality in patients with CME (Seaton
et al., 1996; Graybill et al., 2000; Dromer et al., 2007). In
patients with CME (Bicanic et al., 2007; 2008) a high CSF
fungal burden correlates with increased ICP before and
after fungal therapy. Nonetheless, a high fungal burden
does not appear to be sufficient to produce elevated ICP
(Bicanic et al., 2009), suggesting that strain-related prop-
erties of exo-PS affect the development of high ICP.

Our previous studies using phenotypic switch variants
support a role for exo-PS differences in promoting
elevated ICP. In these studies we found that phenotypic
switching from RC2-SM to a RC2-MC variant was asso-
ciated with the shedding of an altered exo-PS, which
caused elevated ICP and rapidly fatal CME in rats (Fries
et al., 2005). NMR analysis confirmed serotype D pre-
dicted SRG composition in RC2-SM and RC2-MC derived
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exo-PS. Static light scattering (SLS) analysis, demon-
strated that the radius of gyration (Rg) differed in RC2-SM
and RC2-MC exo-PS despite comparable molecular mass
(Mw) and thus suggested that yet undefined macromo-
lecular properties of the exo-PS were altered by pheno-
typic switching (McFadden et al., 2007).

Phenotypic switching of RC2-SM to RC2-MC is asso-
ciated with downregulation of a defined set of genes,
in particular Allergen1 (ALL1) (Jain et al., 2009b). ALL1
downregulation is noteworthy as null mutant (Dall1)
mimics the hypervirulence of the RC2-MC switch variant
including the strain’s propensity to cause high ICP and
premature death in rats (Jain et al., 2009b). This is analo-
gous to the pathogenesis of human CME with poor
outcome.

In the present study, we used viscosity, SLS and
dynamic light scattering (DLS) analysis to investigate the
macromolecular properties of exo-PS that are shed in
Dall1 mutants of serotype A and D strains as well as their
respective parental and reconstituted strains. The results
obtained imply that the structure of shed exo-PS is
greatly affected by the loss of ALL1 function and pheno-
typic switching. Analysis of mass density, shape factor
and viscosity, consistently demonstrate that changes of
RC2-MC exo-PS are mediated by loss of ALL1. Specifi-
cally, Dall1 strains produce a more viscous and smaller
exo-PS with a lower degree of branching. In addition,
microarray analysis of Dall1 mutant in serotype D strain
RC2 (RC2-Dall1) versus wild type (wt) of RC2 in minimal
medium identified upregulation of genes encoding cell
surface reductases, iron permease/ferroxidase, cytokine
inducing proteins and siderophore transporters. The
impact and correlations of this structural variation and its
association with iron homeostasis and pathogenesis of
CME are discussed. We propose that biophysical char-
acteristics of the exo-PS constitute emerging properties
that are regulated and can be changed by phenotypic
switching.

Results

Null mutants of ALL1 (Dall1) in the serotype A and D
strains exhibited impaired capsule induction and shed
a more viscous PS

Previous work demonstrated that RC2-Dall1 exhibited
subtle changes in capsule size and impaired capsule
induction (Jain et al., 2009b). We sought to establish
whether these changes were also present in the serotype
A strain background and generated a Dall1 mutant in H99
reference strain (H99-Dall1). The baseline capsule diam-
eter was not increased in H99-Dall1, but impaired capsule
induction was confirmed in H99-Dall1 in vivo (Fig. 1A)
and in vitro under various capsule-inducing conditions

(Table S1). Capsule induction defects were corrected in
reconstituted strains (Dall1+ALL1) and more pronounced
induction was observed in the overexpression mutant
PCTR4-2-ALL1 (Fig. S1, Table S2), when ALL1 was placed
under a copper-inducible promoter resulting in 23-fold
overexpression of ALL1 (data not shown).

Next, we quantified the shedding of exo-PS for both
serotypes by ELISA. RC2 and H99 shed different
amounts of GXM and also H99 sheds GXM at a later time.
Therefore, experiments measuring GXM shedding were
designed for H99 and RC2 and their respective mutants at
different times. Regardless, the exo-PS shedding was
found to be higher in liquid culture for Dall1 mutants of
both serotypes (Fig. 1C).

The intrinsic viscosities [h] of exo-PS shed by Dall1
mutants of H99 and RC2 were determined using a modi-
fied Ostwald-type capillary glass. Exo-PS derived from
Dall1 mutants in both serotypes (A and D) consistently
exhibited higher viscosity, when compared with exo-PS
derived from the respective parental wt and reconstituted
strain (Fig. 1D and E). The increased viscosity of the
RC2-Dall1 derived exo-PS was comparable to that of the
RC2-MC derived exo-PS, which is the phenotypic switch
variant of RC2-SM (RC2-wt) that exhibits downregulation
of ALL1 gene transcripts (Jain et al., 2009b).

Loss of ALL1 in H99 confers a hypervirulent phenotype
similar to RC2-Dall1

In the murine intratracheal (i.t.) infection model, hyperviru-
lence of H99-Dall1 relative to the H99-wt was documented
analogous to the RC2-Dall1 mutant (Fig. 1B). The median
survival of animals infected with high inoculum (106)
with H99-Dall1 and H99-wt was 15 days versus 21 days
(P = 0.04). At lower infection inoculum (105), the H99-wt
was successfully cleared from lung tissue at 10 days
(< CFU log 2.3 � 0.34 per lung) whereas the H99-Dall1
was not (log 6.4 � 0.5 for, P = 0.01). Doubling times of
mutant and wt were comparable confirming that enhanced
virulence is not merely due to growth differences but rather
altered host–pathogen interaction.

Loss of Allergen1 altered PS macrostructural properties

Next, we pursued systematic analysis of the exo-PSs by
both SLS and DLS analysis. All exo-PS solutions exhibited
significant but comparable polydispersity, which was
expected, based on prior studies (Cordero et al., 2011)
(Fig. 2). SLS yielded consistent differences in Mw and Rg

(Table 1). A two- to fivefold decrease in PS Mw, Rg and
hydrodynamic radius (Rh) was observed for Dall1 strains in
both serotype backgrounds. Changes in Rh, which reflects
the apparent size of the molecules in solution, were more
pronounced than changes in Rg (Table 1), suggesting
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Fig. 1. Impaired capsule induction and differences in PS shedding and viscosity upon loss of ALL1.
A. H99-Dall1 mutant showed an impaired capsule induction defect after 24 h in vivo growth.
B and C. Exo-PS concentrations from supernatants of in vitro cultures of RC2-wt (B) and H99-wt (C) was determined by ELISA after 1, 3, 6,
12 days, and 5, 9, 13 and 20 days of growth respectively.
D and E. (D) Intrinsic viscosities of exo-PSs from RC2-SM, RC2-Dall1, RC2-Dall1+ALL1, RC2-MC and (E) of exo-PS from H99-wt, and
H99-Dall1, H99-Dall1+ALL1.
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differences in PS conformation. Combining data from SLS
and DLS further assessed structural conformation of
exo-PS molecules in solution (Burchard et al., 1980). The
mass density, which is the ratio between the Mw of exo-PS
and their Rg, and the shape factor, which represents the
ratio of Rg and Rh, were calculated for all exo-PS. These
parameters indicated the occurrence of significant ALL1-
dependent structural variation in shed exo-PS. A con-
served decrease in mass density and increase in shape
factor (1.6- and 4.6-fold respectively) was evident upon
loss of ALL1 (Table 1). Most importantly, most measured
differences including the polymer size difference reverted
to wt values in the reconstituted strains (Fig. 2). In addition,

differences were consistent for both Dall1 strains although
the SRGs of serotype D and serotype A strains differ by a
single xylose residue. In summary, DLS and SLS data
confirm that Dall1 mutant exo-PS are less branched and
have a lower mass density compared with exo-PS from the
parental wt strains. These data were consistent with the
observed increased viscosity in Dall1 mutants.

Loss of ALL1 produces PS molecules with differences
in antibody reactivity

Given the conformational differences in the exo-PS, we
studied the binding ability of a panel of anti-GXM mono-

Fig. 2. Hydrodynamic size distribution of PS samples determined by DLS. Hydrodynamic size distribution of exo-PS derived from wt, mutant
and reconstituted strains was plotted as percentage of light scattering intensity versus effective diameter. Data are averages of 10 repeated
measurements. All exo-PS solutions exhibited significant polydispersity. Note the polymer size difference reverted to wt in the reconstituted
strains.

Table 1. Macromolecular parameters of PS samples determined by static and dynamic light scattering analysis.

Strain Mw (¥106) Rg (nm) Rh (nm) PDI
Mass density
(¥104) r

RC2 (SM) 1.66 � 0.24 116.0 � 9.7 266.4 � 17.3 0.434 � 0.013 1.43 0.43
RC2-Dall1 0.89 � 0.07 104.0 � 4.3 121.4 � 5.3 0.464 � 0.015 0.83 0.86
RC2-Dall1+ALL1 0.54 � 0.03 116.3 � 6.6 240.3 � 25.9 0.452 � 0.022 0.46 0.48
RC2 (MC) 1.80 � 0.90 182.0 � 10.7 238.2 � 6.4 0.381 � 0.026 0.99 0.76
H99-wt 7.07 � 0.65 170.2 � 6.3 353.8 � 23.7 0.445 � 0.015 4.15 0.48
H99-Dall1 1.26 � 0.06 142.4 � 3.3 162.9 � 10.5 0.377 � 0.009 0.88 0.87
H99-Dall1+ALL1 6.15 � 0.58 168.0 � 10.0 315.5 � 15.7 0.461 � 0.004 3.66 0.53

The average molecular mass, Mw (g mol-1), radius of gyration, Rg (nm), hydrodynamic radius, Rh (nm), polydispersity index (PDI), average mass
density (g mol-1 nm-1) and shape factor (r) of exo-PS samples. Mw, Rg data are represented as mean � SD of two measurements. Rh and
polydispersity values are means � SE of 10 measurements.
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clonal antibodies (mAb) that recognize distinct epitopes
on the polysaccharide capsule. These mAbs yield defined
staining patterns that correlate with specific serotype-
specific SRGs (Belay et al., 1997). Previous work docu-
mented that binding of mAbs can be greatly influenced by
the degree of PS branching and conformation (Cordero
et al., 2011). A decrease in mAb 13F1 and 21D2 binding
was observed for exo-PS isolated from the H99-Dall1
(Fig. 3A) by ELISA. Binding differences were also docu-
mented with mAb 12A1 for RC2-wt and RC2-Dall1 derived
exo-PS by ELISA and also on capsules of live yeast cells
as evident by capsular staining (Fig. 3B).

No differences were evident for binding of mAb 18B7,
however, 18B7-mediated phagocytosis was reduced for
mutants in both genetic backgrounds (Fig. S2). Consistent
with structural differences in the PS capsule, we also
observed a significant decrease in complement-mediated
phagocytosis of Dall1 cells by J774 macrophage-like cells
(Fig. 3C) in both serotypes. In addition, when exo-PS
secreted by wt, Dall1 and Dall1+ALL1 was added to respec-
tive wt cells in both serotypes, we documented that Dall1
exo-PS inhibited complement mediated phagocytosis
more effectively than wt-exo-PS and Dall1+ALL1 exo-PS
(Fig. 3D).

Gene regulation in Dall1 under different
growth conditions

To further elicit gene function of ALL1, a transcriptome
analysis of RC2-Dall1 versus RC2-wt was performed. For
microarray experiments, RC2-wt and RC2-Dall1 cells were
grown in minimal medium, and Yeast Extract Peptone
Dextrose medium (YPD) overnight at 37°C, diluted 1:100
into fresh medium and grown overnight up to an OD600 of
0.6 at 37°C with agitation at 150 r.p.m. Microarray analysis
demonstrated differential regulation of genes with very little
overlap between the two growth conditions (Geo Acces-
sion GSE45688).A total of 15 and 271 genes were found to
be downregulated, twofold or more in RC2-Dall1 when
grown in minimal media and YPD respectively. In minimal
media upregulation of 111 genes (� 2-fold) was observed
in Dall1, which includes a set of genes related to iron
transport and homeostasis [e.g. cell surface reductase
(FRE1), a high-affinity iron permeases gene (FTR1), a
metalloreductase, and siderophore transporters (Jung
et al., 2006); Table 2], The most abundantly upregulated
gene in the RC2-Dall1 cells was CIG1 (19.7-fold), which
encodes a mannoprotein involved in the retention of iron at
the cell surface and/or in the uptake of siderophore-bound
iron. It affects growth in low-iron medium, and alters
capsule response to iron-replete conditions (Lian et al.,
2005). This upregulation was only observed in minimal
media, which was also the growth condition for exo-PS
isolations. In YPD, loss of ALL1 resulted in the upregulation

of approximately 270 genes, which were related to multiple
cellular pathways. We further analysed the data for gene
ontology (GO) categories for the biological processes of
differentially expressed genes in minimal media. The
analysis indicates that differentially expressed genes were
significantly enriched with GO categories related to oxi-
doreductase activity, oxidation-reduction process and
transmembrane transport after loss of ALL1 (Table 3).
Differentially regulated genes with GO term related to
oxidoreductase activity were genes related to reductive
iron uptake systems such as FRE1, Ferric-chelate reduct-
ases (CNG00110), metalloreductase (CNG00950) and
Cytochrome-b5 reductase (CNB02540). The other highly
ranked group, transmembrane transport also included four
iron-related transmembrane transporters, namely FTR1,
CNM02430, CNG00120 and CNB00400. In addition, the
drug transporter (CNJ00070) was sevenfold upregulated
in Dall1. The hexose transport related protein (CNE02910),
and the carboxylic-acid transport protein (CNJ01360)
were also upregulated whereas the sugar transporter
(CNH00490) was downregulated. Genes classified under
‘integral to membrane’ were also ranked in the analysis but
did not reach significance (Table S3). Differential expres-
sion of iron transporters and siderophores were further
confirmed by real-time PCR on RC2 (Fig. 4A) and H99
(Fig. 4B). Real-time PCR confirmed the signature of
upregulated iron-transport genes in Dall1 mutants in both
serotypes, albeit difference were found among the sero-
types and also minor differences in fold regulation with
respect to the microarray analysis. It is noteworthy that
these genes were not differentially regulated in microar-
rays done in YPD or sabouraud dextrose medium (Jain
et al., 2009b), suggesting that ALL1 negatively controls
iron homeostasis only under starvation conditions.A role of
ALL1 in iron regulation was further supported, by demon-
strating accumulation of intracellular iron under low-iron
conditions (Fig. 5A and B). Enhanced iron accumulation
was not documented in the presence of iron (Fig. 5C and
D). Growth rate of wt and Dall1 was slow but comparable in
low iron medium (data not shown). Additionally, sugar
transporter (CNH00490) was downregulated under all
growth conditions. In summary, comparative transcrip-
tional profiling supports a role of ALL1 in iron homeostasis
under limited nutrition and-iron conditions and a role in
regulating sugar transport, which could affect production of
capsular polysaccharide.

Dall1 mutant exo-PS assists or activates the iron
homeostasis-related genes expression

Next, we tested the effect of exo-PS derived from the
Dall1 mutant on expression of iron transport related
genes. H99-wt and H99-Dall1 cells were grown in minimal
media for 16 h supplemented with 40 mg ml-1 exo-PS of
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H99-Dall1 and H99-wt respectively at 37°C with agitation
at 150 r.p.m. Transcript levels of selected genes related
to iron homeostasis were quantified by real-time PCR.
Addition of H99-Dall1 exo-PS in H99-wt cells resulted in
upregulation of FTR1, FRE1, CNM02430, CNM02420,
CNH01230, CNG00950, CIG1 and CNB00400 transcripts
(Fig. 5E, white bars). Upregulation was also seen if the
mutant exo-PS was added to mutant cells (Fig. 5E, black
bars). Interestingly, addition of H99-wt exo-PS to H99-
Dall1 cells resulted in downregulation of iron transport
associated genes (Fig. 5E, crossed lines bars). Consist-
ent with our expectation, transcript levels of the sugar
transporter were not affected by the addition of exo-PS.

Discussion

Here we report that structural characteristics of shed cryp-
tococcal PS are regulated by ALL1 expression, a gene that
is regulated in vivo during chronic infection. This result is
important because it provides a mechanism by which ALL1
can modulate the virulence of C. neoformans. Biophysical
alterations of the exo-PS affect clinically relevant charac-
teristics of the polymers such as their viscosity, mAb reac-
tivity and complement-mediated phagocytosis. In vivo,
these altered polymers affect capsule induction and the
propensity of the mutants to cause high ICP in rats (Jain
et al., 2009b). In addition, we demonstrate that loss of
ALL1 upregulates iron transport resulting in enhanced

accumulation of intracellular iron. Our results link the pres-
ence of high ICP in Dall1 infected rats, to impaired capsule
induction and in vivo shedding of shorter and less
branched PS polymers that exhibit significantly higher
viscosity when compared with the wt polymers. Hence, this
work associates the modulation of a gene that is regulated
in vivo with the most catastrophic complication of crypto-
coccal CME through the production of a structurally
different exo-PS. These results also further support a
link between exo-PS and iron regulation possibly through
altered binding and sensing of extracellular iron level,
which then indirectly regulates expression of iron transport
and iron reduction pathway associated genes.

Cryptococcal PSs are complex polymers that have
distinct physical and chemical properties reflected by
their molecular mass, shape and composition. Previous
studies have shown that polymer diameter does not vary
significantly as a function of SRG composition, but is
more affected by secondary and tertiary structure of the
molecule (McFadden et al., 2007). Consistent with this
finding, SRG type does not correlate with clinical presen-
tation or outcome of CME in a consistent matter (Cordero
et al., 2011). Yet, macromolecular properties such as
molecular mass and hydrodynamic size and/or shape
have shown to underlie GXM biological functions or reac-
tivity (Fonseca et al., 2010; Cordero et al., 2011). The
view that GXM molecules are linear polymers (Doering,
2009) was recently revised and it was shown that degree

Fig. 3. Loss of Allergen1 produces PS with decreased mAb reactivity.
A. ELISA of exo-PS isolated from wt and Dall1 of RC2 and H99 background strains using anti-GXM mAbs 12A1, 21D2 and 13F1. For all
mAbs tested, Dall1 derived exo-PS showed lower reactivity.
B. Immunofluorescence micrograph of RC2-wt and RC2-Dall1 cells using mAb 12A1 directly conjugated to Alexa488. RC2-Dall1 cells showed
a significant reduction in 12A1 binding to the capsule. Scale bar represents 10 mm.
C. Complement-mediated phagocytosis of RC2-SM, RC2-Dall1, RC2-Dall1+ALL1, H99-wt and H99-Dall1 and H99-Dall1+ALL1. A significant
reduction in percentage of phagocytosis was observed for Dall1 mutants relative to the parental and reconstituted strains in both serotypes.
Data are mean � SE of four independent experiments of triplicate wells.
D. Exo-PS from wt, Dall1 and Dall1+ALL1 strains were added to the wt wells and similar per cent reduction of phagocytosis values were
observed when exo-PS from, respective Dall1 mutant was added to SM-wt and H99-wt during phagocytosis assay.

Table 2. ALL1 regulates genes required for iron transport.

Gene ID and accession number
Fold change
RC2-SM versus RC2-Dall1

CIG1, cytokine inducing-glycoprotein; CNC01660 19.7
Ferric-chelate reductase activity: CNG00110 15.87
High-affinity iron permease, FTR1: CNC05700 6.52
FRE1, ferroxidase: CNC05690 5.94
Hypothetical protein: CNK02840 3.94
Metalloreductase, ferric-chelate reductase activity: CNG00950 2.72
Zinc-finger protein putative: CNI01980 2.65
Iron ion transmembrane transporter activity: CNM02430 2.57
Siderophore-iron uptake transmembrane transporter activity: CNG00120 2.48
Cytochrome-b5 reductase: CNB02540 2.35
Acidic laccase, putative: CNM02420 2.1
Siderophore-iron transmembrane transporter activity: CNB00400 2.0
Cytochrome-b2, Mitochondrial precursor: CNH01230 3.29
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of PS branching and higher-order structural characteris-
tics could be modulated by the dextrose concentration
of the medium in which C. neoformans was cultured
(Guimaraes et al., 2010; Cordero et al., 2011). We inves-
tigated exo-PS from mutants (RC2-Dall1 and H99-Dall1)
and parental (RC2 and H99) strains that have previously
been well characterized with respect to their virulence and
relative ability to elicit high ICP in rats (Jain et al., 2009b).
Raised ICP is a major and commonly fatal complication in
patients with cryptococcal CME and is not necessarily
responsive to antifungal therapy. Although the presence of
high GXM titres are necessary to cause high ICP, they are
not sufficient as there are patients with high crypt-Ag titres
that do not develop high ICP (Bicanic et al., 2009).

GXM are large heterodisperse polymers (> 1 mDa) and
cannot be studied by NMR or crystallography. However,
LS provides the means to gain insight into their shape.
LS analysis showed that exo-PS polymers from Dall1
mutants are shorter, and consequently exhibit less mass
density. Exo-PS from mutants generated in both the sero-
type D and A strain backgrounds exhibited consistently
these length and mass changes, although GXM polymers
from serotype D and A strains are composed of distinct

SRGs that can be distinguished by NMR. Shorter length
of polymer is corrected to wt length in the reconstituted
Dall1+ALL1 mutants of RC2 and H99. In addition when the
gene is overexpressed capsule induction is even more
pronounced. This finding further supports our conclusion
that ALL1 regulates length of the GXM-polymer either
directly or indirectly. The finding of shorter polymers with
smaller masses was consistent with the impaired capsule
induction of both Dall1 mutants in host tissue and in vitro
(Jain et al., 2009b). Our data substantiate previous con-
clusions that the longest GXM polymers span the entire
diameter of the capsule (Frases et al., 2009) and support
the notion that larger PS capsules shed larger exo-PSs.

Transcriptome analysis in minimal medium conditions
unexpectedly demonstrated upregulation of genes
involved in iron homeostasis including iron transporters
and reductases. This signature was confirmed by real-time
PCR and is consistent with data from the GO analysis. CIG
gene was the most abundantly upregulated transcript by
real-time PCR in H99 and by microarray in RC2. Why RT
PCR yielded a lower upregulation in RC2 is not clear
because the growth conditions were exactly the same for
both assays. Consistent with the observed transcript
profile, both Dall1 mutants accumulate more iron intracel-
lularly under low-iron conditions. Co-cultivation of wt and
mutant cells with wt and mutant exo-PS indicates that 8
of 13 iron-related genes tested are upregulated, when
mutant-exo-PS is added to wt cells and downregulated
when wt-exo-PS is added to mutant cells. This observation
further indicates that there is indeed a link between exo-PS
and iron transport. One possible explanation is that mutant

Table 3. GO terms identified in the differentially expressed genes.

GO term and identification number P-value

Oxidoreductase activity, GO:0016491 3.97 ¥ 10-5

Oxidation-reduction process, GO:0055114 2.86 ¥ 10-4

Transmembrane transport, GO:0055085 4.11 ¥ 10-4

Fig. 4. ALL1 indirectly regulate genes required for iron transport. Differential gene expression in wild type (RC2-wt, H99-wt) and their
respective Dall1 mutants (RC2-Dall1, H99-Dall1) were confirmed by real-time PCR with selected iron-related genes, real-time PCR results on
RC2-wt, RC2-Dall1 (A) and H99-wt, H99-Dall1 (B) are shown. Black bars represents genes upregulated in mutants. Bars represent
average � SD mRNA ratios. The mRNA levels were normalized against the respective b-actin expression. Fold expression was calculated
using the delta-delta CT method.
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Fig. 5. Mutant of ALL1 accumulates intracellular iron and exo-PS affects the regulation of iron transport related genes. Iron concentration
was altered for RC2-SM, RC2-Dall1, H99-wt, H99-Dall1 and reconstituted strains under low-iron conditions (A, B) and in response to ferric
chloride (C, D). Differences in exo-PS structure of H99-wt and H99-Dall1 mutant affect expression of iron transport related genes. FTR1,
FRE1, CNM02430, CNM02420, CNH01230, CNG00950, CIG1 and CNB00400 were upregulated in H99-Dall1 (black bars) and in H99-wt cells
(white bars) by addition of 40 mg ml-1 mutant exo-PS. In contrast, addition of H99-wt exo-PS to H99-Dall1 cells (striped bars) resulted in
significant downregulation of iron transport related genes (E).
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exo-PS binds more iron, resulting in upregulation of genes
associated with iron sensing and transport. In the CSF, iron
levels are low and the pathogen must compete with the
host for iron and thus enhanced iron availability can exac-
erbate the outcome of cryptococcal CME (Barluzzi et al.,
2002). Based on our findings we hypothesize that down-
regulation of ALL1 does not only affect the polysaccharide
capsule but may also render the pathogen more fit in an
iron-depleted host environment.

A complex regulatory network composed of distinct but
partially overlapping pathways, regulates capsule induc-
tion. Others have shown that 316 genes are positively
regulated during capsule induction, including ALL1
(Haynes et al., 2011). This network includes the cAMP
pathway, which activates Pka1 and then Nrg1, which
regulates genes directly involved in capsule assembly. An
important pathway of capsule regulation involves iron
homeostasis Hap3, Hap5 and Hapx (Jung et al., 2010) as
well as the iron sensing transcription factor CIR1 (Jung
et al., 2006). Review of previously published microarray
data revealed that ALL1 was not differentially regulated
under low-iron conditions, however, five- and threefold
downregulated in Dcir1 mutant under low- and high-iron
conditions (Jung et al., 2006). ALL1 was also significantly
upregulated in Dhapx under low- and high-iron conditions
(FeCl3 and transferrin) and was also upregulated in Dhap3
mutant in response to transferrin (Jung et al., 2010). One
gene that was not related to iron transport but neverthe-
less highly regulated in the mutant was a gene that
encodes a multidrug resistance transporter (DHA1 family)
(CNJ00070). Interestingly, in Saccharomyces cerevisiae
this transporter is upregulated in cells exhibiting reduced
susceptibility to azoles (Barker et al., 2003).

Importantly, deletion of ALL1 gene affects baseline
capsule size in RC2. So far, the phenotype of impaired
capsule induction has only been described for Dall1
mutants. Here we document that loss of ALL1 results in
the secretion of more exo-PS molecules with higher vis-
cosity and smaller size and lower degree of branching.
Several studies have indicated in the past that GXM
polymer length is dynamic. Yoneda et al. showed that
exo-PS shed early in the course of in vitro growth exhib-
ited smaller molecular sizes when compared with exo-PS
shed after 72 h (Yoneda and Doering, 2008). Frases et al.
demonstrated that the capsule associated GXM was sig-
nificantly different from shed exo-PS and that the diam-
eter of the capsular PS and the exo-PS correlated (Frases
et al., 2008). Finally, Cordero et al. showed that increas-
ing dextrose in culture medium decreased polymer length
and branching, which again resulted in structural differ-
ences (Cordero et al., 2011).

How and in what subcellular compartment the length of
PS polymers are determined is not understood. It is also
not clear if iron is specifically required in that process or

important as a sensor only. ALL1 is regulated by SP1 in
stress-associated pathways (Adler et al., 2011) as well as
during capsule induction (Haynes et al., 2011). In contrast
to bacterial PSs, GXM is a heteropolymer and magnitude
larger in size, thus its assembly process is very different
(Zaragoza et al., 2009). Current thinking is that the cryp-
tococcal GXM polymers are pre-assembled in lipid asso-
ciated cytoplasmic structures (Oliveira et al., 2009) and
exported across the cell wall in vesicles (Rodrigues et al.,
2007). All1p is a cytoplasmic protein, which is not present
in vesicles (Rodrigues et al., 2008; Jain et al., 2009b) but
loss of this protein downregulates a sugar transporter
(CNH00490). We therefore hypothesize that All1p is indi-
rectly involved in GXM assembly, as its only homologues
are found in non-encapsulated fungi that infect plants.

In the phenotypic switch variant RC2-MC hydrodynamic
diameter and Rg differ from that of the RC2-Dall1 mutant;
however, shape factor, and viscosity are similarly altered
consistent with the presence of high ICP in RC2-MC
infected rats. Several studies demonstrate that structural
changes alter the biological effects of GXM, which is a
potent immunomodulator. For instance, the hydrodynamic
effective diameter of the GXM molecules correlated with
their ability to stimulate cellular responses (Fonseca et al.,
2010) and affects the binding of monoclonal antibodies
(Nimrichter et al., 2007; Frases et al., 2008).

Studies on in vivo derived C. neoformans cells further
supported the notion that PS structure affects Ab and
complement binding and demonstrated that the spatial
deposition of C3 within the capsular matrix was influenced
by the density of the capsular matrix (Gates and Kozel,
2006). Charlier et al. showed that brain invasion by C. neo-
formans was associated with changes in cryptococcal
capsule structure and altered binding of PS-specific mAbs
(Charlier et al., 2005). Our data now links structural
changes to loss of ALL1, which is downregulated in the
setting of phenotypic switching during chronic infection.

Older conclusions that impaired capsule induction is
associated with loss of virulence (Granger et al., 1985)
were not confirmed. In the rat model the altered exo-PS
elicits high ICP resulting in rapid death and in the pul-
monary model the altered exo-PS constitutes a potent
immunomodulator and has dramatic effects on the host
response especially macrophage activation and T-cell
response (Guerrero and Fries, 2008; Jain et al., 2009a;
Guerrero et al., 2010). Most importantly, the mutant elicits
high ICP at a comparable fungal burden. Hence, hyper-
virulence is the consequence of altered host pathogen
response to altered exo-PS, which results in increased
fungal burden as the host response becomes ineffective.

We propose a model whereby loss of ALL1 function in
clinical C. neoformans strains will result in altered iron
homeostasis that results in an ICP inducing hypervirulent
strain, because GXM polymers with altered length and
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shape that are more viscous and cannot be cleared by the
host are produced. The ability to alter polymer length is a
trait that was most likely selected for survival in the envi-
ronment where the fungus encounters amoeboid preda-
tors (Pirofski and Casadevall, 2008) and extreme climate
conditions. This observation underscores the notion that
patho-adaptation of C. neoformans to the mammalian
host is not driven by a single virulence factor that is shut
on or off but rather constitutes fine epigenetic regulation of
sophisticated pathways.

Experimental procedures

Yeast strains and culture conditions

Cryptococcus neoformans strains were cultivated in chemi-
cally defined minimal medium (10 mM MgSO4, 29.3 mM
KH2PO4, 13 mM glycine, 3 mM thiamine-HCl, 15 mM glucose;
pH 5.5) for exo-PS isolation, microarray and real-time PCR.
For exo-PS isolation, microarray and real-time PCR, cells
were grown overnight at 37°C, diluted 1:100 into fresh
medium and grown overnight up to an OD600 of 0.6 at 37°C
with agitation at 150 r.p.m. Asparagine salt medium contains
1 g l-1 asparagine, 10 mM sodium phosphate (pH 6.5), and
0.25 g l-1 MgSO4 and was used to grow ALL1 overexpression
strain, PCTR4-2-ALL1. Low iron medium was prepared as
described elsewhere (Nyhus et al., 1997). For GXM isolation,
RC2-wt and H99-wt and their respective mutants were cul-
tured for 14 days and 21 days, respectively, at 37°C under
shaking in minimal medium. For screening mutants YPD
agar supplemented with 100 mg l-1 nourseothricin (NAT) or
200 mg l-1 neomycin G418 (NEO) was used. The C. neofor-
mans strains used in the study are listed in Table 4.

Generation of ALL1 mutant in H99

H99 reference sequence was accessed through Fungal
Genome Initiative database at the Broad Institute (http://
www.broadinstitute.org/annotation/genome/cryptococcus_
neoformans/MultiHome.html). To generate gene disruption
mutants H99-wt genomic DNA was isolated to amplify
upstream and downstream regions of ALL1 using primers
listed in Table S4. The entire coding region of ALL1 was
replaced with a neomycin resistance marker (2098 bp)
by homologous recombination using standard procedure
described earlier (Jain et al., 2009b). Homologous recombi-

nation was confirmed by PCR, Southern blot analysis and
transcription level of ALL1 by real-time PCR.

Complementation of ALL1 gene in H99 Dall1

The wt ALL1 gene was amplified with the native promoter
from the H99-wt genomic DNA with primers H99ALL1-RecF
and H99ALL1-RecR (Table S4) and cloned into plasmid
pJAF13. The plasmid was linearized using ApaI and intro-
duced into H99-Dall1 cells by biolistic transformation. The
ALL1-positive clones were selected on YPD agar containing
100 mg l-1 NAT (Werner Bioagents, Germany). Gene com-
plementation was confirmed by PCR and transcription level
of ALL1 by real-time PCR.

Construction of ALL1 overexpression strain,
PCTR4-2-ALL1

To construct RC2-SM strain overexpressing ALL1, PCTR4-2

promoter was amplified from plasmid pCTR4-2/Gust (Ory
et al., 2004) and fused with ALL1 gene amplified from RC2-SM
genomic DNA, in frame using restriction site NdeI. Flanking
region of 1000 bp upstream of ALL1 including 5′UTR, Ori/
Ampr and NEO cassette was excised from previously gener-
ated TA clones using van91I digestion to generate plasmid
5′UTR/NEO/PCTR4-2-ALL1/Amp. The plasmid was used to
amplify 5′UTR-NEO-PCTR4-2-ALL1 using primers stated in
Table S4 and biolistically transformed in RC2-SM. Standard
procedure was further adapted to screen and confirm clones
as mentioned above. To overexpress ALL1, the cells were
grown in minimal medium or asparagine salt medium with
200 mM of bathocuproinedisulphonic acid (BCS), copper che-
lator. Overexpression was confirmed via checking transcrip-
tion levels by real-time PCR.

GXM isolation

Culture supernatants were separated from yeast cells by
centrifugation at 6000 g (20 min, 4°C). Supernatants were
successively centrifuged and filtered through 0.45 mm mem-
branes. Supernatants were concentrated ~ 20-fold using an
Amicon ultrafiltration cell and regenerated cellulose 100 kDa,
76 mm ultrafiltration membrane (Millipore, Billerica, MA) with
stirring. After concentration the fluid phase was discarded
and the viscous film over the membrane was scraped care-
fully and lyophilized.

Table 4. Strains used in this study.

Strain Additional information Reference

RC2-SM Serotype D, switch variant Mat a Fries et al. (2001)
RC2-MC Serotype D, switch variant Mat a Fries et al. (2001)
RC2-Dall1 Dall1::NEO Jain et al. (2009b)
RC2-Dall1+ALL1 ALL1-NAT inserted to Dall1::NEO Jain et al. (2009b)
H99 Serotype A, Mat a Perfect et al. (1980)
H99-Dall1 Dall1::NEO in H99 This study
H99-Dall1+ALL1 ALL1-NAT inserted to Dall1::NEO This study
PCTR4-2-ALL1 ALL1 under CTR4 copper transport promoter This study
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Light scattering analysis

Average-molecular mass (Mw) and radius of gyration (Rg)
were determined by multi-angle laser (static) light scattering
(BI-MwA; Brookhaven Instruments Corp.), as described
(Cordero et al., 2011). Each PS sample was measured twice
with good reproducibility. Average hydrodynamic radius (Rh)
of PS samples was determined by Dynamic light scattering
using a 90Plus Particle Sizing analyser (Brookhaven Instru-
ments Corp.), as described (Cordero et al., 2011). Average Rh

and multimodal size distributions were calculated from 10
individual measurements.

Viscosity

Intrinsic viscosity of the exo-PS samples isolated from H99
and RC2 and their respective mutants cultures supernatants
were measured using a modified Ostwald-type capillary glass
viscometer (Cannon-Manning Semi-Micro, Technical Glass,
Dover, NJ) in a temperature-controlled water bath at 25°C, as
previously described (Cordero et al., 2011). Exo-PS samples
were dissolved in ultrapure water and temperature-stabilized
before measurements. Measurements were done in triplicate.

GXM ELISA

ELISA were performed as described previously (Casadevall
et al., 1992). Briefly, a 96-well polystyrene plate was coated
with IgM (1 mg ml-1) at 4°C overnight. Unbound sites are
blocked with 1% BSA for 2 h at room temperature (RT).
Anti-GXM mAb 2D10, 13F1 or 12A1 (100 ml of 1 mg ml-1) was
added to the plate and incubated for 1 h at RT. Wells were
washed with TBS-T three times (3¥) and incubated with iso-
lated exo-PS [10–0.740 nM, diluted in PBS (obtained by 1:3
serial dilutions vertically)] from either wt (SM, H99) or their
respective Dall1 mutant. After washed with TBS-T (3¥), wells
were incubated with 100 ml of 1 mg ml-1 mAb18B7 diluted
in PBS ranging from 1 to 0.0000016 mg ml-1 (obtained by
1:3 serial dilutions horizontally), followed by detection with
1:1000 dilution of anti-IgG1-AP antibody. All samples were
done in triplicates and all incubations were done for 1 h at
37°C. For GXM shed experiment, the supernatants were
collected at days 1, 3, 6, 12, 21 of cultivation and ELISA was
performed using above-mentioned procedure (used mAb
2D10) to quantify GXM concentration.

Complement mediated phagocytosis assay

Approximately 2.5 ¥ 104 J774 macrophage-like cells per well
(ATCC) were plated in 96-well plates containing Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10%
(v/v) fetal bovine serum (FBS) at 37°C in a 5% CO2 atmos-
phere and under the stimulation of recombinant murine
g-interferon and LPS; 100 U ml-1 and 0.5 mg ml-1 respectively.
C. neoformans cells were washed and suspended in DMEM
supplemented with 20% mouse serum (Pel-Freez Biologi-
cals, Rogers, AR) and added to macrophages to generate a
ratio of 5 yeast cells per macrophage. For some experiments,
5 mg of exo-PS from wt, Dall1 and Dall1+ALL1 strains were
added to the wt wells to test the inhibitory capacity of different

PSs. Mixture was incubated at 37°C and 5% CO2 for 2h. After
incubation, wells were washed with PBS to remove non-
adherent yeast cells. Cells were then fixed with ice-cold
methanol for 30 min and stained with 1:5 solution of Giemsa
stain in distilled water. The percentage of phagocytosis was
determined by microscopic examination of macrophages with
internalized C. neoformans cells divided by total macro-
phages. At least 300 macrophages cells were examined per
well and each condition was done in triplicates.

Animal studies

BALB/c mice (Female, 6–8 weeks) were obtained from the
National Cancer Institute (Bethesda, MD). Mice (n = 10 per
group) were infected intratracheal (i.t.) with 106 or 105 C. neo-
formans H99-wt, H99-Dall1 and H99 Dall1+ALL1 cells that
were grown overnight in SAB medium. Mice were observed
on a daily basis for survival and sacrificed if they were mori-
bund in accordance with IACUC regulations.

RNA purification and quantitative real-time PCR assays

For microarray, RC2-SM and RC2-Dall1 were grown in two
different culture medium conditions including minimal media
(same media which was used for exo-PS isolation) and YPD
broth. Cells were grown for overnight, diluted 1:100 and then
again grown overnight or up to an OD of 0.6–0.7 with agita-
tion (150 r.p.m.) at 37°C. Approximately, 108 cells were col-
lected and mechanically disrupted by bead beating in RLT
buffer (Qiagen) using 0.5 mm zirconia beads for 1 min, for a
total of four cycles with 2 min rest on ice in between cycles.
Following lysis, total RNA was isolated using QIAGEN®
RNeasy mini kit, according to the manufacturer’s instructions.
For real-time PCR, RNA was further cleaned up for residual
DNA using MessageClean Kit (genHunter corp.) and cDNA
was synthesized using First-strand superscript II RT kit (Life
technologies) with 1 mg of total RNA according to manufac-
turer’s instruction. RNA was also isolated from H99 and H99-
Dall1. Relative expression of selective genes was measured
by real-time PCR using power SYBR green (applied biosys-
tem) in ABI 384 system and primers listed in Table S4. Gene
expression levels were normalized using the control gene
b-actin. Primer efficiency was determined by serially diluting
the cDNA and monitoring DNA amplification by real-time
PCR. The relative transcript levels were determined using the
delta-delta CT method.

To investigate the link between exo-PS structure and regu-
lation of iron-related genes, H99-wt and H99-Dall1 cells were
grown for 16 h in minimal media supplemented with 40 mg
ml-1 exo-PS of H99-Dall1 and H99-wt respectively. Specifi-
cally for control, H99-wt cells were grown with 40 mg ml-1

exo-PS of H99-wt and H99-Dall1 cells were grown with H99-
Dall1 exo-PS for 16 h with shaking at, 37°C. Total RNA was
isolated and real-time PCR was performed on 13 genes
differentially expressed in microarray analysis related to
iron transport, i.e. FTR1, FRE1, CNM02430, CNM02420,
CNB02540, CNG00120, CNH01230, CNG00110,
CNG00950, CNC01660, CNK02840, CNB00400, CNI01980
and b-actin as control. The mRNA levels were normalized
against their respective b-actin and expression was calcu-
lated using the delta-delta CT method. The fold change was
calculated as mRNA ratio.
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Microarray hybridization

Experiments were performed in duplicate (Minimal Media
arrays) or triplicate (YPD arrays). Total RNA hybridization and
data acquisition were performed by the Genome technology
access centre, Washington University (http://gtac.wustl.edu/
services/microarray) according to their established protocols
for C. neoformans microarrays. For analysis, raw data were
imported in Partek genomic suite and intensity-dependent
(LOESS) normalization was implemented in the software.
Values for replicate probes on the array were averaged to
represent the expression of the associated gene. Genes
were considered for further evaluation if they showed a fold
change of > 2.0.

Gene ontology (GO) enrichment analysis

For gene ontology enrichment, each gene was assigned GO
category according to the Broad Institute’s PFAM annotations
using the mapping provided by the Gene Ontology pro-
ject (http://www.geneontology.org/external2go/pfam2go). A
hypergeometric test was applied for each GO category, the
resulting P-values were corrected for multiple hypothesis
testing, and a cut-off of 0.05 was used to determine
significance.

Determination of cellular iron concentration

To determine intracellular iron concentration, the wt and the
Dall1 mutants were grown in minimal media overnight and
subcultured in minimal media + 100 mM bathophenanthrolin-
edisulphonic acid (BPS), iron chelator for 16 h to deplete
intracellular iron stores. Cells were washed twice with iron
free water and grown with or without 100 mM FeCl3 in low
iron media for 16 h. Cell cultures were washed three times
with low-iron water and mixed with lysis buffer (50 mM
HEPES-KOH pH 7.5, 140 mM NaCl, 1 mM EDTA and 1%
Triton X-100) as described (Choi et al., 2012). Cells were
disrupted and homogenized using glass-beads in a bead
beater for a total of four cycles with 2 min rest on ice in
between cycles. Iron concentration of lysate was measured
using the Abnova Iron assay kit according to the manufac-
turer’s instruction. Tests were run in triplicates and each
sample iron concentration was normalized against total
protein concentration.
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Table S1.  
Capsule size differences in variable capsule inducing conditions. 
 

Medium RC2 
(SM) RC2 Δall1 RC2 Δall1 

+ ALL1 H99 H99 Δall1 H99 Δall1 
+ ALL1 

SAB 0.8±0.4 2.0±0.5 0.9±0.2 1.2±0.2 1.3±0.2 1.2 0.3 
In vivo (d7-PI) 8.0±1.8 5.9±1.7 ND 12.2±4.8 6.0±3.4 ND 
LIM 6.0±1.1 5.0±1.1 5.8±1.3 2.5±1.0 1.7±0.6 2.3±0.8 
DMEM + FCS 
(10%), CO 2 

3.7±0.9 2.5±1.1 3.0±1.1 3.7±1.1 3.0±0.8 4.4±0.6 

LIM + 5% CO2 7.2±2.0 6.3±2.0 7.4±1.8 3.3±1.0 2.5±0.6 3.5±0.4 
 ND – Not done 
 
Table S2. Capsule Size in mutants overexpressing ALL1 
 RC2 (SM) RC2-Δall1 PCTR4-2-ALL1  
Minimal media  2.94 ± 0.49 2.82 ±0.38 3.31 ±0.61 
ASN + BCS 1.48 ±0.42 ND 5.47 ±1.86 
LIM + BPS + BCS 7.04 ±1.14 5.13 ± 0.64 7.74 ±1.65 
DMEM+10%FCS 
(5% CO2) 

5.04 ± 0.81 4.37± 0.62 5.5 ± 1.05 

 

ST1 and ST2: Capsule size is expressed in µm ± standard deviation. LIM-

low iron media, SAB-Sabroaud’s Dextrose Broth, D7-post infection (PI)-

Day 7, ASN-Asparagine Salt medium, BPS-Iron Chelator, BCS- Copper 

Chelator 

 
Table S3: Gene ontology (GO) enrichment analysis on differentially 

expressed genes (at least 2-fold) with statistical significance (q value less 

than 0.05) in RC2-Δall1 mutant versus wild-type (RC2-SM).  

 



GO_ID GO_TERM P_Value_Hypergeometric P_Value_Hypergeometric_with_Bonferroni_Correction

 GO:0016491  GO:oxidoreductase activity 3.97E-05 0.0021041
 GO:0055114  GO:oxidation-reduction process 0.000286645 0.01519218
 GO:0055085  GO:transmembrane transport 0.000411722 0.02182127
 GO:0016021  GO:integral to membrane 0.001892841 0.10032057
 GO:0005507  GO:copper ion binding 0.00326928 0.17327184
 GO:0045735  GO:nutrient reservoir activity 0.00877193 0.46491229
 GO:0022857  GO:transmembrane transporter activity 0.01421087 0.75317611
 GO:0000042  GO:protein targeting to Golgi 0.01746781 0.92579393
 GO:0006801  GO:superoxide metabolic process 0.01746781 0.92579393
 GO:0016301  GO:kinase activity 0.02608829 1
 GO:0031683  GO:G-protein beta/gamma-subunit complex binding 0.02608829 1
 GO:0046872  GO:metal ion binding 0.02608829 1
 GO:0070403  GO:NAD+ binding 0.04310564 1
 GO:0006031  GO:chitin biosynthetic process 0.04310564 1
 GO:0007186  GO:G-protein coupled receptor signaling pathway 0.04310564 1
 GO:0004100  GO:chitin synthase activity 0.04310564 1
 GO:0004871  GO:signal transducer activity 0.05150379 1
 GO:0005840  GO:ribosome 0.05200313 1
 GO:0006412  GO:translation 0.05604526 1
 GO:0019001  GO:guanyl nucleotide binding 0.05982908 1
 GO:0015693  GO:magnesium ion transport 0.05982908 1
 GO:0015095  GO:magnesium ion transmembrane transporter activity 0.05982908 1
 GO:0003735  GO:structural constituent of ribosome 0.06023334 1
 GO:0008565  GO:protein transporter activity 0.07626363 1
 GO:0004252  GO:serine-type endopeptidase activity 0.1003845 1
 GO:0003964  GO:RNA-directed DNA polymerase activity 0.1003845 1
 GO:0005509  GO:calcium ion binding 0.1003845 1
 GO:0004672  GO:protein kinase activity 0.1003845 1
 GO:0005543  GO:phospholipid binding 0.1082857 1
 GO:0005643  GO:nuclear pore 0.1082857 1
 GO:0016020  GO:membrane 0.1207823 1
 GO:0016706  GO:oxidoreductase activity, acting on paired donors, with incorporation or reduction of molecular oxygen, 2-oxoglutarate as one donor, and incorporation of one atom each of oxygen into both donors 0.1392103 1
 GO:0006351  GO:transcription, DNA-dependent 0.1741184 1
 GO:0003677  GO:DNA binding 0.1806229 1



 GO:0003924  GO:GTPase activity 0.1979146 1
 GO:0050660  GO:flavin adenine dinucleotide binding 0.2049686 1
 GO:0006278  GO:RNA-dependent DNA replication 0.2090652 1
 GO:0006468  GO:protein phosphorylation 0.2122815 1
 GO:0005634  GO:nucleus 0.228065 1
 GO:0006457  GO:protein folding 0.2325769 1
 GO:0043565  GO:sequence-specific DNA binding 0.2393296 1
 GO:0020037  GO:heme binding 0.2657581 1
 GO:0003700  GO:sequence-specific DNA binding transcription factor activity 0.3037084 1
 GO:0006355  GO:regulation of transcription, DNA-dependent 0.3388221 1
 GO:0006886  GO:intracellular protein transport 0.3397192 1
 GO:0008270  GO:zinc ion binding 0.3786665 1
 GO:0005622  GO:intracellular 0.4324039 1
 GO:0005515  GO:protein binding 0.4582816 1
 GO:0003676  GO:nucleic acid binding 0.4591595 1
 GO:0003723  GO:RNA binding 0.5028527 1
 GO:0016787  GO:hydrolase activity 0.5328346 1
 GO:0005524  GO:ATP binding 0.6710678 1
 GO:0008152  GO:metabolic process 0.8374141 1



Table S4: Primers used in the study 
 

 
Primer 

 
SEQUENCE (5’-3’) 
 

 
Function/ restriction 
site 

 
H99All1-NF 

 
CCATAGATTGGTGTCCTCAAGTGCTTGTCCA 

 
ALL1 gene knock out 
cassette/van91I 

H99All1-NR CCATCATTTGGATGAATTGGAGCGGAAAGTG 
 

ALL1 gene knock out 
cassette/van91I 

H99All1-CF CCATTTCTTGGGGTATTTGAAGGTTAAAGGAGA
CTTC 

ALL1 gene knock out 
cassette/van91I 

H99All1-CR CCATAAATTGGTGGACTTTACAGATGACAACAC
AA 

ALL1 gene knock out 
cassette/van91I 

H99All1-RecF TCTAGATGTCAAGTGCTTGTCCA ALL1 gene 
reconstitution in H99 
Δall1/XbaI 

H99All1-RecR CTCGAGCTGGGTCTGTGCTAAG ALL1 gene 
reconstitution in H99 
Δall1/XhoI 

H99All1-RTf AAGGCGAGGGTGAGCACT Real time PCR ALL1 
H99All1-RTr TTAGAGAGCCTGGGTCTTGC Real time PCR ALL1 
PCTR4-2 For 
 
 
PCTR4-2 Rev 

CCATTTCTTGGGACCAATTGGATATTGCTGTTTC
TAC 
 
CATATGGATTGGTGAAGTCGTTG 

CTR4 promoter for 
Overexpression (OX) 
Construct/van91 
CTR4 promoter for OX 
Construct/NdeI 

ALL1-For 
 
ALL1-Rev 

CATATGTCCGGCGTTACCCAAGGTGTC 
 
CCATAAATTGGTTAAAGAGCCTGGGTCTTGCTG 

ALL1 gene for OX 
Construct  

CNC05700 
 

GCGTATCAAGCTTTCCGAAG 
CCTTCTTCTTCATGGCTTGC 

Real time PCR 

CNC05690 
 

ATTCCTCCAGGGGAGACACT 
GGAGCTCTCAAGCCATCAAC 

Real time PCR 

CNM02430 
 

GCCTTCCTCAAAATGGACAG 
AGACATCTTTTCACGGGCGAGC 
 

Real time PCR 

CNM02420 
 

GTGATCATCGTTCACGCAAC 
GGAATGGGACATTGGTTGAC 

Real time PCR 

CNB02540 
 

GGGCATGTGAGTCGAGAGAT 
CTCTCGAAGAACCCCCTTCT  

Real time PCR 

 CNG00120 
 

ACAGCGGAACCTAAGCAAGA 
AAGCAACAATGAGCGAGGTT 
 

Real time PCR 

CNC01660-
JEC21 
 

GGCAATCACTGACTTCGACA 
CACCGGACAAAGGGTAAGAA 
 

Real time PCR 
 
 



CNC01660-
H99 

 

CCTATGAGCGGTGGTGAGAT 
GATCTCGCGGATAGAGTTGG 
  

Real time PCR 

CNK02840-
JEC21 
 
CNK02840-
H99 

 

ACCTTGGCTTCTGGTCTGTG 
TTTCCTCAATGGGGAGATTG 
 
 
CCATCGAGGAAAGGAAATCA 
GTGGGCTTTGAAGATGTCGT 

Real time PCR 
 
 
 
Real time PCR 

CNG00950 
 

CAGACGACCACGACTCTCAA 
CGTGCGAAGAATAGTGTGGA 
 

Real time PCR 

CNI01980 
 

GACACGTCGATGTGGATGAG 
CCCCACTGACATTTCTGCTT 
 

Real time PCR 

CNB00400 
 

TATCATGGCTGGTGTGGCTA 
GAAGCAGCAACGACGATGTA 
 

Real time PCR 

CNH01230 
 

GCTTAGTAGATCCCGCGACA 
GTCAGGCAATCCGATGATTT 
 

Real time PCR 

CNG00110 
 

TCTGGGTATTCGACCGATTC 
GGAGCTGGTGACAGTAAGAC  

Real time PCR 

CNH00490 
 

CAGACTGCCGCTGTTGATTA 
GTGGGGTTTGGAACATTCAC 
 

Real time PCR 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



Figure S1: Effect of ALL1 overexpression on capsule induction 

Under Capsule inducing conditions, Δall1 mutant has impaired capsule 

induction.  Cells PCTR4-2-ALL1 overexpressing ALL1 under promoter–

inducing conditions (200µM BCS) have enhanced capsular induction. LIM-

Low Iron Medium+100µM BPS, IM (DMEM+10%FCS+1%NCTC in 5% 

CO2). All capsules were measured after 18h. Bar represent 10µm. 

 

 
 
 
 
 
 
 
 



Figure S2. Antibody mediated phagocytosis of RC2-SM, RC2-Δall1, H99 

and H99-Δall1. Reduction in percentage of phagocytosis was observed for 

Δall1 mutants relative to the parental and reconstitution strains. Data are 

mean +/- SD of 3 independent experiments of triplicate wells 
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