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The transcriptional profiles of yeast cells that have been phagocytosed by either human neutrophils or monocytes were compared
by using whole genome arrays. After phagocytosis by neutrophils,
both Saccharomyces cerevisiae and Candida albicans respond by
inducing genes of the methionine and arginine pathways. Neither
of these pathways is induced upon phagocytosis by monocytes.
Both fungi show a similar induction of these pathways when
transferred from amino acid-rich medium to amino acid-deficient
medium. These data suggest that the internal phagosome of the
neutrophil is an amino acid-deficient environment.

Coincubation of Phagocytes with Fungal Cells. Neutrophils or
monocytes were mixed with S. cerevisiae (Saccharomyces) or
C. albicans (Candida) cells at ratio of one phagocyte to five yeast
cells. The Saccharomyces strains were EM93, S288C, or gcn4⌬
isogenic with S288C. The Candida strain was SC5314. The fungal
cells were incubated with neutrophils, monocytes, or alone in
RPMI medium 1640 with 10% human serum at 37°C for 10, 20,
40, 60, or 80 min. Yeast viability was assessed by using the XTT
tetrazolium dye assay (5). The neutrophils were lysed in water
provided with the RNase inhibitor RNasin (Promega), and the
yeast released was washed and frozen quickly in phenol.

I

Microarray Procedure. Total RNA and mRNA were prepared

Materials and Methods
Isolation of Neutrophils and Monocytes and Human Serum Preparation. Using Histopaque 1077 and Histopaque 1119 (Sigma) per

manufacturer’s instructions, we isolated neutrophils and monocytes
from fresh human blood collected from healthy volunteers in
accordance with a protocol approved by the Massachusetts Institute
of Technology Committee on Use of Humans as Experimental
Subjects. Monocytes were separated from lymphocytes on the basis
of their differential adherence to plastic. Human serum was prepared from the same blood donors by using Vacutainer SST
gel-containing tubes (Becton Dickinson) and following the manufacturer’s protocol. Where indicated, human serum was heat inactivated by incubation at 56°C for 30 min.
www.pnas.org兾cgi兾doi兾10.1073兾pnas.1834481100

as described (1). For Saccharomyces first- and secondstrand synthesis, in vitro transcription, hybridization, and
scanning were done according to the Affymetrix protocol. For
Candida total RNA was used to amplify mRNA by using
RiboAmp (Ambion, Austin TX). Amino-allyl reverse transcription, hydrolysis, coupling, and quenching were done as
described at http:兾兾cmgm.stanford.edu兾pbrown兾protocols兾
aadUTPCouplingProcedure.htm. Hybridization, washing, and
scanning were done as described at www.whitehead.mit.edu兾
CMT兾MicroarrayProtocols.html.
Microarray Analysis. Microarrays were normalized and floored at
20. Ratios of expression from yeast cultured in an experimental
condition divided by that from the yeast control (from the same
time point and culture medium) were calculated. Induced and
repressed genes were defined as those with an expression ratio
greater than two standard deviations from the mean for a given
experiment. Only genes that were consistently induced or repressed in two experimental duplicates were considered as
induced or repressed. Clustering analysis was performed by using
CLUSTER and TREEVIEW (http:兾兾rana.lbl.gov兾EisenSoftware.
htm).
Raw data and supplementary information are available at
http:兾兾jura.wi.mit.edu兾fink_public兾neutrophils兾.
Northern Analysis. The RNA extracted from Candida isolated

from neutrophils gave evidence of degraded RNA that affected
its quantification by absorbance readings. To isolate the high
molecular weight RNA, total RNA was absorbed to RNeasy
Mini Kit columns (Qiagen, Valencia, CA) that absorb RNA
larger than 200 bases. This eluted RNA was quantified, and 15 g
was loaded on a gel. The RNA from control experiments was
subject to the same treatment and loaded in serial dilutions on
the same gel.
Results
Ingestion by Neutrophils Induces the Methionine and Arginine Pathways. To determine the changes in gene expression upon phago-

cytosis of Saccharomyces by neutrophils, we compared the
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ngestion of a microorganism by mammalian cells exposes that
organism to a novel environment. Transcriptional profiling of
a microorganism with a well-annotated genome sequence offers
a unique window into the response of that organism to phagocytosis. Used in this way, the microorganism becomes a functional bioprobe of the phagocyte’s microenvironment. For example, upon ingestion by macrophages Saccharomyces cerevisiae
undergoes a key metabolic shift: the induction of the glyoxylate
shunt (1). This pathway is also induced upon ingestion of bacteria
(Mycobacterium tuberculosis) (2) and other fungi [Cryptococcus
neoformans (3), Candida albicans (1), and Leptosphaeria maculans (4)]. This shift in metabolism has been interpreted as a
response to the glucose-poor environment of the macrophage,
and the ability to make that shift appears to contribute to the
virulence of some pathogens.
In this report we use transcriptional profiling of S. cerevisiae
to analyze the phagosomal microenvironment of the human
neutrophil. The yeast transcriptional response is dominated by
induction of the methionine and arginine amino acid biosynthetic genes. This transcriptional response could be mimicked in
vitro by transferring yeast from an amino acid-rich environment
to one deficient in amino acids. The response of Saccharomyces
to neutrophils is distinct from that to monocytes, which do not
induce these amino acid pathways. The human pathogen C.
albicans also induces the transcription of a similar set of amino
acid biosynthetic genes upon exposure to human neutrophils.
These data suggest that the human neutrophil phagosome is
amino acid-deficient, and indicate an amino acid-deprivation
response that is conserved between S. cerevisiae and C. albicans.

for these enzymes, pathway-specific permeases, and a methionine pathway transcription factor). The arginine pathway was the
only other amino acid biosynthetic pathway induced by neutrophils (from 3.5- to 11.7-fold). Only single genes from other amino
acid pathways were induced (e.g., LEU1, SER3, and GLT1).
Human Serum Is Required for Amino Acid Induction in Neutrophils.

Induction of amino acid biosynthetic genes in heat-inactivated
serum was quantitatively much lower than that observed in fresh
human serum (Fig. 1, column 9 vs. column 8). Only 12 of the 83
genes induced in fresh serum were induced in heat-inactivated
serum. Presumably, this lower induction reflects the inefficiency
of phagocytosis by neutrophils in heat-inactivated serum (only 1
yeast per neutrophil was internalized in heat-inactivated serum
as compared with 5 per neutrophil in fresh serum).
The methionine and arginine pathways were not induced in
yeast when the neutrophils and yeast were separated by a
membrane that permitted small molecules to pass through (Fig.
1, column 11), but were induced when both cell types were on the
same side of the membrane (Fig. 1, column 10). To control for
the possibility that the yeast induces neutrophils to secrete
compounds that cause induction we also assayed yeast separated
from a mixture of yeast and neutrophils (Fig. 1, column 12).
When separated, there was no induction of these amino acid
pathways. Therefore, the induction of the methionine and
arginine pathways by neutrophils requires at least very close
contact between neutrophils and yeast, but does not differentiate
between direct contact and internalization. Furthermore, a
subset of the genes was induced by a process that was independent of direct yeast-neutrophil contact (Of the 83 genes induced
by neutrophils the 7 that were also induced when a filter
separated yeast from neutrophils were INO1, SAM3, QDR2,
MEP2, YMC2, GLT1, and DUR1,2).
Fig. 1. The methionine and arginine biosynthetic genes are expressed in
response to neutrophils and require fresh human serum. Columns 1–7 are the
time course of Saccharomyces and neutrophils cultured in RPMI medium 1640
containing 10% fresh human serum for 10 (column 1), 20 (column 2), 40
(columns 3 and 4), 60 (columns 5 and 6), or 80 (column 7) minutes. Columns 8
and 9 are the results of the heat-inactivated serum experiment, in which
heat-inactivated human serum (column 9) or fresh human serum (column 8)
was included in the medium. Columns 10 –12 are the results of a filter experiment, in which a filter was used to separate yeast from neutrophils. In column
10 yeast and neutrophils were on the same side of the filter. In column 11 yeast
was on one side of the filter and neutrophils were on the other. In column 12
neutrophils and yeast were on one side and yeast was on the other (the yeast
alone was assayed). All 83 genes that met the criteria for induction were
selected for illustration purposes. Genes were divided into four groups: methionine (M), arginine (R), other amino acid genes (aa), and other genes (o).
ADE and URA genes served as control (*) genes. Results are visualized by using
CLUSTER and TREEVIEW.

transcriptional profile of yeast cells that had been ingested with
the profile of cells cultured in the same medium in the absence
of neutrophils. Samples were taken at 40 and 60 min, when
⬇70% of the yeast cells are still alive. There were 83 yeast genes
whose expression was induced by neutrophils at 40 and 60 min
and 37 genes whose expression was repressed.
The genes in the yeast sulfate assimilation兾methionine biosynthetic pathway were dramatically induced only after yeast
cells were ingested by neutrophils (Fig. 1, columns 3–7). No
induction of these genes was observed at 10 or 20 min, times at
which only a few yeast cells were engulfed (Fig. 1, columns 1 and
2, respectively). The fold-induction rates for most of these genes
at 40 and 60 min ranged from 3.6- to 15-fold. For six of the genes
higher ratios were observed, probably because of very low
expression in the yeast-alone control. Genes representing almost
the entire methionine pathway were induced (the sulfate permeases as well as the biosynthetic enzymes, cofactors essential
11008 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.1834481100

The Response of Saccharomyces to Neutrophils Mimics Its Response to
Amino Acid Deprivation. The response of yeast cells upon depri-

vation of external amino acids was determined by growing the
cells in medium containing or lacking amino acids for 40 min.
Clustering analysis shows that the cells grown in medium without
amino acids (Fig. 2A columns 1–3), like those ingested by
neutrophils (Fig. 2 A columns 4–8), induced only the methionine
and arginine biosynthetic pathways. The expression profiles of
diploid (EM93) and haploid (S288C) strains in response to both
amino acid deprivation and neutrophil ingestion were very
similar (Fig. 2 A, compare columns 2 to 8 and 3 to 4–7). The
derepression of the methionine and arginine genes but not other
amino acid pathways agrees with previous transcriptional profiling experiments that compared growth with and without
external amino acids (6, 7).
Many genes that do not encode biosynthetic enzymes were
also induced by conditions of amino acid deprivation. We used
this information to assess the proportion of genes induced by
neutrophils that respond to the presumed amino acid-poor
environment inside neutrophils. Of the 83 neutrophil-induced
genes, 39 were also expressed in response to amino acid deprivation (Fig. 2B). Among the 37 neutrophil-repressed genes only
2 genes, BUD23 and YIL127C, were also repressed under amino
acid deprivation, indicating that other environmental perturbations occur after internalization by neutrophils.
To determine whether the induction of the methionine and
arginine genes under conditions of amino acid deprivation is
under the control of Gcn4, a transcription factor required for the
response to amino acid starvation, we analyzed the transcription
profiles of a gcn4 mutant that had been transferred from amino
acid-rich medium to minimal medium. Induction of the methionine genes by deprivation is independent of Gcn4, whereas
induction of the arginine genes (except for ARG5,6) is dependent
on Gcn4 (Fig. 2 A, compare column 1 with column 2).
Rubin-Bejerano et al.

Fig. 3. The expression profile of yeast in response to neutrophils is not
dominated by a response to oxidative stress. Yeast cells were cultured in the
presence of 0.4 mM H2O2 (column 1) or with neutrophils (columns 2 and 3) for
40 min. All 83 genes meeting criteria for induction were selected for illustration purposes. Genes were divided into four groups: methionine (M), arginine
(R), other amino acid genes (aa), and other genes (o). ADE and URA genes
served as control (*) genes. Experiments were clustered by using CLUSTER and
TREEVIEW.

Response to Neutrophils Is Distinct from Exposure to Hydrogen
Peroxide or Stress. Neither the methionine nor the arginine

pathway was induced by exposure to hydrogen peroxide, a
critical component of neutrophil-mediated host defense (8).
Rubin-Bejerano et al.

Neutrophil-Induced Transcription Is Distinct from That Displayed
During the Cell Cycle. A number of methionine biosynthetic genes

(the ‘‘MET cluster’’) are transiently expressed during S phase
of the cell cycle (10), raising the possibility that the induction
of methionine genes in response to neutrophils is a consequence of cell cycle arrest. However, there are significant
differences between the MET cluster cell cycle signature and
our data. First, seven genes in the MET cluster were not
induced by neutrophils: ICY2, MET11, YLR302C, MET28,
SER33, YNL276C, and MUP1. Second, a number of the
PNAS 兩 September 16, 2003 兩 vol. 100 兩 no. 19 兩 11009
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Fig. 2. In Saccharomyces the response to ingestion by neutrophils is similar to
that engendered by amino acid deprivation. (A) Saccharomyces was cultured with
neutrophils in RPMI medium 1640 containing 10% fresh autologous human
serum (columns 4 – 8) or in minimal medium without neutrophils (columns 1–3)
for 40 min (columns 1–5 and 8) or 60 min (columns 6 and 7). Yeast strains were wild
type (columns 2– 8) or gcn4⌬ (column 1). Strain backgrounds were EM93 (columns
3–7) or S288C (columns 1, 2, and 8). For purposes of illustration, amino acid and
nucleic acid biosynthetic genes were selected for cluster analysis. ADE and URA
genes served as control genes (*). Experiments were clustered by using CLUSTER and
TREEVIEW. (B) The transcriptional profile in response to neutrophils (N) was compared with amino acid (aa) deprivation conditions.

When Saccharomyces was exposed to 0.4 mM hydrogen peroxide
for 40 min, 173 genes were induced, of which 7 were also induced
by neutrophils: YHL035C, PRM5, THI4, OYE3, YAL068C,
GPX2, and TSA2 (Fig. 3). Moreover, other genes induced by
hydrogen peroxide (e.g., SOD2, CCP1, and CTA1), were not
consistently expressed in response to neutrophils.
The transcription profile of yeast inside neutrophils is also
distinct from that of each of the published datasets of yeast genes
induced in response to a large number of diverse environmental
stress conditions (6, 9). Of the 127 genes induced in both datasets
in response to different stress conditions, only 1 is also induced
by neutrophils.

Fig. 4. Response of Candida to ingestion by neutrophils. In Candida the response to ingestion by neutrophils is similar to that engendered by amino acid
deprivation. (A) Candida was cultured with neutrophils in RPMI medium 1640 containing 10% fresh human serum for 60 (column 5) or 80 (column 4) min or in
minimal medium for 40 (column 3), 60 (column 1), or 80 (column 2) min. Amino acid and nucleic acid biosynthetic genes were selected for cluster analysis for
illustration purposes. ADE and URA genes served as controls (*). Experiments were clustered by using CLUSTER and TREEVIEW. (B) Candida was cultured in minimal
medium with (⫹) or without (⫺) amino acids (Upper) or in RPMI medium 1640 containing 10% fresh human serum with (⫹) or without (⫺) neutrophils (Lower)
for 60 min. Candida mRNA was subjected to Northern analysis, using probes for the genes indicated. Ethidium bromide staining of ribosomal RNA to control
for loading is shown in the lower gels. (C) Candida does not form filaments inside neutrophils. Yeast-form Candida cells were cultured with monocytes (Upper)
or neutrophils (Lower) in RPMI medium 1640 containing 10% fresh human serum for 1 h. (Bar is 20 m.) See also Fig. 2, supplementary data at http:兾兾
jura.wi.mit.edu兾fink_public兾neutrophils兾.

methionine genes that were expressed in response to neutrophils are not in the MET cluster: MET2, MET8, MET32, SUL1,
SUL2, nor are the arginine genes or the other biosynthetic
genes LEU1, SER3, and GLT1. Third, of the 92 genes induced
during S phase but not in the MET cluster there is only 1 gene
(SEO1) that was also induced by neutrophils.
11010 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.1834481100

Neutrophils Also Induce the Expression of Amino Acid Genes in C.
albicans. Candida was cocultured with neutrophils or grown in

minimal medium, following the same procedures used for Saccharomyces. RNA preparations from the minimal medium and
neutrophil experiments were used to hybridize to a cDNA
microarray containing 11,000 sequences representing 7,600
Rubin-Bejerano et al.

ORFs (11). Candida, like Saccharomyces, responded to amino
acid-deficient medium by up-regulating the methionine and
arginine biosynthetic pathways (Fig. 4A, columns 1–3). These
pathways were induced by Candida upon exposure to neutrophils
in the presence of fresh human serum (Fig. 4A, columns 4 and
5). The gene for GCN4, which encodes the key transcriptional
activator of amino acid biosynthetic genes, as well as that for
PCL5, which regulates Gcn4p stability, were also induced in
neutrophils. Northern analysis confirmed that four of the upregulated amino acid genes identified by microarray analysis
were also induced by amino acid deprivation (Fig. 4B Upper) and
by neutrophils (Fig. 4B Lower).
Candida Phagocytosed by Neutrophils Responds to Oxidative Stress.

Candida exhibits a more obvious transcriptional antioxidant
response to human neutrophils than does Saccharomyces. Six
oxidation-related genes were highly induced by Candida in
response to neutrophils: SOD1 (8.8-fold), CCP1-1 (11.55-fold),
CTA1-1 (43.8-fold), CTA1-2 (7.4-fold), GPX3-1 (11-fold), and
GPX3-2 (16.5-fold). GPX3-3 was only mildly induced (2.6-fold),
whereas SOD2, CCP1-2, and GPX3-4 were not induced. Candida
orthologs for Saccharomyces CTT1 or GPX2 were not detected
in the Candida genomic database and therefore could not be
examined for their induction in response to neutrophils.

Monocytes Do Not Induce Amino Acid Biosynthesis. Phagocytosis of
Saccharomyces by human monocytes (isolated from the same
individual as neutrophils) did not induce the methionine and
arginine biosynthetic pathways. The induction profile for Saccharomyces ingested by neutrophils was distinct from that of
monocytes (Fig. 5, compare columns 1 and 2 with 3 and 4). Of
the 83 yeast genes induced in response to neutrophils, 3 were
consistently induced after exposure to monocytes: YNR064C,
STR3, and YER185W. Because monocyte phagocytosis under
these conditions was very efficient (90% of the monocytes
ingested yeast after 40 min of incubation) the process of phagocytosis itself could not account for the induction of the amino
acid genes observed in neutrophils.

Discussion
Our microarray experiments show that upon ingestion by neutrophils both S. cerevisiae and C. albicans induce the expression
of genes from the methionine and arginine biosynthetic pathways. This transcriptional profile suggests that the microenvironment of the neutrophil compartment surrounding the microorganism is deficient in amino acids.
Previous analyses of the response of Saccharomyces to amino
acids used two experimental conditions, starvation and deprivation. Because Saccharomyces has high internal pools of amino
acids, amino acid starvation is achieved by reducing the internal
pool of an amino acid by growth in the presence of an inhibitor
of its biosynthetic pathway or by growth of a leaky auxotroph in
the absence of the cognate amino acid (13, 14). Starvation for a
single amino acid by either means increases the transcription of
many diverse amino acid biosynthetic pathways (13, 14) and is
mediated by the Gcn4 transcription factor. C. albicans also
Rubin-Bejerano et al.

Fig. 5. Yeast methionine and arginine genes are induced in neutrophils, but
not in monocytes. Yeast cells were cultured with neutrophils (columns 3 and
4) or monocytes (columns 1 and 2) in RPMI medium 1640 containing 10% fresh
human serum for 40 min. All 83 genes meeting criteria for induction in
neutrophils were selected for illustration purposes. Genes were divided into
four groups: methionine (M), arginine (R), other amino acid genes (aa), and
other genes (o). ADE and URA genes served as control (*) genes. Experiments
were clustered by using CLUSTER and TREEVIEW.

appears to display this general control response to starvation (15).
Amino acid deprivation, caused by shifting Saccharomyces
from a medium containing high levels of amino acids to one with
no external amino acids, evokes a different response from that
evoked by amino acid starvation. There is no general induction
of many pathways. The only complete pathways induced by
amino acid deprivation are those leading to the synthesis of
methionine and arginine (6). The predominant transcriptional
profile of both Saccharomyces and Candida inside neutrophils is
most similar to that of amino acid deprivation, suggesting that
the microenvironment of the neutrophil is poor in amino acids.
Our in vitro conditions, exposure to a medium containing
amino acids (RPMI medium 1640) before encountering the
immune cells, may represent a physiologically relevant environment because human blood and extracellular fluids, the sites of
neutrophil–microbe interactions, contain appreciable concentrations of amino acids (16). When Saccharomyces was grown in
medium poor in amino acids (HBSS), the methionine and
arginine pathways were already maximally induced and failed to
be further induced in the neutrophils. Group A streptococci also
induce amino acid biosynthetic genes upon phagocytosis by
human neutrophils, when grown in medium containing high
concentrations of amino acids (17). When a similar experiment
is performed with Escherichia coli and neutrophils in a medium
PNAS 兩 September 16, 2003 兩 vol. 100 兩 no. 19 兩 11011
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Candida Does Not Form Filaments Inside Neutrophils. As reported
previously, yeast-form C. albicans cells that are phagocytosed by
macrophages switch to the hyphal form and escape the macrophages (12). Although we have observed this hyphal switch in
human monocytes (Fig. 4C Upper), such switching did not occur
inside human neutrophils (Fig. 4C Lower). After 1 h of exposure
to human neutrophils, when 52% of the C. albicans cells were still
alive, no Candida filaments were observed. At this time point,
extensive filamentation was observed in the extracellular medium induced by serum (data not shown).

lacking amino acids (HBSS), no amino acid biosynthetic genes
are induced (18).
Our results suggest that Candida has a much more robust
response to oxidative stress than does Saccharomyces. Both
Gram-positive [group A Streptococcus (17)] and Gram-negative
[E. coli (18)] bacteria respond to neutrophil phagocytosis by
induction of genes related to oxidative stress. This comparison
suggests either that different organisms evoke distinct host cell
responses or that different organisms respond differently to the
same oxidative environment in the neutrophils.
The response of Saccharomyces and Candida to phagocytosis
by neutrophils appears to be specific because these fungal cells
do not show induction of the methionine or arginine pathways
when efficiently phagocytosed by monocytes. In addition, the
methionine and arginine biosynthetic genes are not induced
when Saccharomyces is phagocytosed by the murine macrophage-like cell line J774A (1). Salmonella enterica ingested by
macrophages also fails to induce amino acid genes (19). This
difference between the immune cells suggests that the microenvironment of the monocyte phagosome may be sufficiently rich
in amino acids to inhibit the induction of amino acid biosynthetic
genes by phagocytosed yeast.
Differences between monocytes兾macrophages and neutrophils in the biogenesis and composition of the phagosome could
create distinct microenvironments unique to each immune cell.
Upon ingestion the vacuolar pH of neutrophils becomes basic
(20), whereas that of macrophages is acidic. Moreover, the
macrophage phagosome appears to be derived predominantly
from the endoplasmic reticulum (ER), whereas in neutrophils it
is derived predominantly from plasma membrane components
(21). This difference in phagosomal membrane origin could
account for the difference in the microenvironment within the
phagosomes of monocytes兾macrophages and neutrophils. Neutrophils, whose phagosomal membranes are of plasma mem-

brane origin, might have amino acid transporters in a reversed
orientation that would pump amino acids out of the phagosome
and hence create an environment that is poor in amino acids. The
phagosomes of monocytes or macrophages, whose phagosomal
membranes are of ER origin, would not have such transporters
and therefore would contain all of the amino acids internalized
from the extracellular environment.
The difference in the transcriptional response of Candida to
ingestion by monocytes and neutrophils could have biological
consequences. Inside the macrophages Candida yeast-form cells
form filaments (12), some of which pierce the macrophage and
escape from the immune cell. By contrast, inside the neutrophil
Candida remained in the yeast form and was ultimately killed.
We did not observe induction of filaments, either germ tubes or
hyphae, for up to 2 h after ingestion, a time at which a large
proportion of the Candida cells are still viable. Whether this is
a consequence of the amino acid free environment or other
factors that differ between these two types of immune cells is not
yet known.
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