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difference in fluorescence signal between the
activated and kirromycin-stalled states (34).

This structure of 70S–tRNA–EF-Tu–GDPCP
provides an atomic-resolution model of a trans-
lational GTPase in its activated state. Codon rec-
ognition leads to a series of conformational changes
in the 30S subunit, tRNA, and EF-Tu that posi-
tion EF-Tu for GTP hydrolysis. GTPase activation
does not require a large opening of the “hydro-
phobic gate,” but instead requires the positioning
of the catalytic histidine into the active site by the
SRL residue A2662. The high level of sequence
and structural conservation between all transla-
tional GTPases suggests that although each factor
recognizes a distinct ribosomal state, each must
bind in such a way that the SRL interacts with its
catalytic histidine. Therefore, GTPase activation
by the SRL is the universal mechanism for trig-
gering GTP hydrolysis on the ribosome across all
kingdoms of life.
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Evolution of Yeast Noncoding RNAs
Reveals an Alternative Mechanism
for Widespread Intron Loss
Quinn M. Mitrovich,1,2* Brian B. Tuch,1,3*† Francisco M. De La Vega,3

Christine Guthrie,2‡ Alexander D. Johnson1,2‡

The evolutionary forces responsible for intron loss are unresolved. Whereas research has focused
on protein-coding genes, here we analyze noncoding small nucleolar RNA (snoRNA) genes in
which introns, rather than exons, are typically the functional elements. Within the yeast lineage
exemplified by the human pathogen Candida albicans, we find—through deep RNA sequencing and
genome-wide annotation of splice junctions—extreme compaction and loss of associated exons, but
retention of snoRNAs within introns. In the Saccharomyces yeast lineage, however, we find it is the
introns that have been lost through widespread degeneration of splicing signals. This intron loss,
perhaps facilitated by innovations in snoRNA processing, is distinct from that observed in
protein-coding genes with respect to both mechanism and evolutionary timing.

In eukaryotes, protein-coding genes are fre-
quently interrupted by introns, which must be
precisely removed from RNA transcripts by

the nuclear spliceosome (1). Over evolutionary
time scales, the presence of introns is dynamic,
with intron gain and loss rates varying substan-

tially across eukaryotic lineages (2–4). The mech-
anisms of intron gain and loss speak to questions
about both the origins of introns and the markedly
different intron-exon patterns observed across eu-
karyotes (5)—for example, whether spliceosomal
introns arose within eukaryotes (“introns late”),
within an ancestor of both prokaryotes and eu-
karyotes (“introns early”), or even before the emer-
gence of protein-coding genes (“introns first”) (6).
The last two hypotheses depend on the feasibility
of comprehensive intron loss within both the pro-
karyotic and archaeal lineages, whose modern
representatives lack spliceosomal introns. Within
eukaryotes, the hemiascomycetous yeasts show
substantial intron loss, with modern species like
Saccharomyces cerevisiae and Candida albicans
devoid of introns in >90% of their genes (7). A
postulated mechanism for this loss is reverse
transcription of spliced RNA, followed by homol-
ogous DNA recombination that replaces the intron-
containing genomic sequence with the intronless
copy (8). Previous studies of intron loss have
focused on protein-coding genes, however, and
are therefore likely to be biased toward mecha-

Fig. 1. Sequence library com-
parisons reveal noncoding
RNAs. RNA sequence data are
shown for MRPS35, a repre-
sentative protein-coding gene
that hosts a snoRNAwithin its
intron. Nonadenylated RNAs,
such as mature snoRNAs, are
enriched in the rRNA-depleted library relative to the poly(A)-selected library. Sequence depth is represented
on a log2 axis. (Bottom track) One of 1706 lower-confidence snoRNA predictions generated using the
snoscan algorithm (22).
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nisms that lead to precise intron removal. Here,
we examine instead the evolution of splicing pat-
terns in yeast noncoding genes.

We performedmassively parallel ligation-based
sequencingofRNA libraries (RNA-seq) andmapped
the resulting ~160million 50-nucleotide (nt) strand-
specific sequence reads to the C. albicans genome
(9). Our data confirm 89% of 421 previously an-
notated spliceosomal introns (7, 10) (table S1),
while correcting or rejecting seven of these an-
notations (table S2). We also find 68 previously
unannotated splice junctions, identifying 15 new
introns in protein-coding genes (table S3), 30
examples of alternative splicing [table S4 and
supporting online (SOM) text], and 23 new in-
trons in previously unannotated transcripts that lack
substantial protein-coding potential (table S5). Anal-
ysis of 11 of these spliced, noncoding RNAs
revealed that their exons have no apparent function,
but that their introns contain C/D box snoRNAs—
noncoding RNAs that target modifications to
ribosomal RNA (rRNA) (11). In the nonhemias-
comycetous fungus Neurospora crassa, snoRNAs
are also generally processed from the introns of
non–protein-coding precursors (12). This is differ-
ent, however, from the more closely related hemi-
ascomycete S. cerevisiae, where nearly all snoRNAs
arise from unspliced primary transcripts and, there-
fore, require a splicing-independent processing
pathway (13). This difference between C. albicans
and S. cerevisiae suggests that the transition of
snoRNAs from intron sequences to unspliced,
dedicated transcripts occurred within the Saccha-
romyces lineage, well after the onset of rapid
intron loss from protein-coding genes in the hemi-
ascomycete ancestor.

To trace the evolution of snoRNAs through-
out the hemiascomycetes, we first generated 40
high-confidence C/D box snoRNA predictions
forC. albicans (e.g., Fig. 1). Among these are the
11 identified in our intron analysis (above), as well
as the previously identified snR52 (14).We searched
for splicingsignals in sequencesadjacent to snoRNAs,
and predict that 33 of the 40 identified C. albicans
snoRNAs are intronic. This confirms the difference
between C. albicans and S. cerevisiae, as C/D box
snoRNAs in the latter species are rarely intronic [6 out
of 47 (13)].

We next identified orthologous snoRNAs from
other sequenced yeasts (Fig. 2), beginning with
computational predictions (or, for S. cerevisiae,
existing annotations), identifying candidate orthologs
of ourC. albicans set based on their predicted rRNA
target sites, and finally confirming and refining
our predictions by searching for limited primary
sequence identity among predicted snoRNAs (15).
This final refinement identified snoRNAs whose
rRNA target sites had changed between species,
demonstrating evolutionary plasticity in yeast rRNA
methylation sites (fig. S1). We predict that 105 of
the 255 analyzed snoRNAs are located within in-
trons (Fig. 2A). Individual species vary considerably:
Those in the Saccharomyces complex have few
intronic snoRNAs (three to five), whereas others
have substantially more (23 to 33). The most par-

Fig. 2. snoRNA-associated introns were lost in the Saccharomyces lineage. (A) Intron prediction scores
[combined 5′ splice site and branch site species-specific PWM scores (15)] for 40 C/D box snoRNA flanking
sequences (T 200 nt) in seven representative hemiascomycetes. Each snoRNA (horizontal row) is labeled
according to the nomenclature of S. cerevisiae (where applicable) or N. crassa (CD39) or by the predicted
C. albicans rRNA modification site. Intron scores greater than 5.0 (false-positive rate <0.4%) are shaded
green. Inferred intron loss events for each snoRNA, based on parsimony, are indicated on the left and
correspond to labeled branches (not drawn to scale) in the phylogeny shown above and in (B). snoRNAs
that were not identified or that lack sufficient flanking sequence to score are gray and labeled NA or ND,
respectively. Locations of N. crassa orthologs (green for intronic, white for exonic) are derived from (12).
Intron scores for reverse-complements of flanking sequences (right) are provided as a negative control.
(B) Phylogenetic pattern of snoRNA-associated intron loss. The number of loss events assigned to each
branch is indicated in yellow. Species: N. crassa, Y. lipolytica, Debaryomyces hansenii, C. albicans,
Kluyveromyces lactis, Kluyveromyces waltii, Zygosaccharomyces rouxii, and S. cerevisiae.
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simonious explanation for these data ismassive loss
of snoRNA-associated introns, most of which took
place in the common ancestor of the Saccharomy-
ces complex (Fig. 2B).

The intron loss mechanism proposed for
protein-coding genes—retrotransposition of spliced
mRNAs—cannot explain the pattern we observe,
as it would eliminate the snoRNAs along with
the introns. Rather, the introns appear to have
been lost through degeneration of their splicing
signals, effectively converting them into unspliced
exon sequence. InN. crassa (12) and hemiascomy-
cetes outside the Saccharomyces complex, snoRNAs
in the snR72-78 polycistronic cluster are mostly
contained within individual introns (Fig. 3A). In
S. cerevisiae, the genes are arranged identically,
but are cotranscribed as a single unspliced pre-
cursor, then processed into individual snoRNAs
by the RNase III enzyme Rnt1 (16). The conser-
vation of genomic synteny among these species
strongly suggests intron loss through splice site
degeneration (“de-intronization”) with Yarrowia

lipolytica and the Candida clade representing
an intermediate state of partial intron loss and
S. cerevisiae representing complete intron loss. The
snR57 cluster similarly supports this idea (be-
low), as do the gene structures of snR47 and snR79
(SOM text).

Intron loss through splice-site degeneration
would not be expected to occur within protein-
coding genes, as this would disrupt the encoded
protein. Consistent with this prediction, of the
five snoRNAs located in introns within protein-
coding regions in C. albicans, four remain asso-
ciatedwith introns in nearly all the Saccharomyces
complex species [snR18, snR24, snR54, and
CD39; (Fig. 2A)]. The fifth, snR39b, was likely
displaced from its associated coding sequence
through a genomic duplication event (fig. S2B).
The snoRNA CD39 is located within the ribo-
somal protein gene MRPS35 intron in all but
one of the species we analyzed (Fig. 2A). The
exception is S. cerevisiae, whereMRPS35 has lost
its intron, presumably through retrotransposition

rather than deintronization. This appears to have
eliminated CD39 from the genome as well: The
predicted rRNAmethylation site for this snoRNA
is unmodified in S. cerevisiae (13).

In C. albicans, one unusual case of splicing
may reflect the particular processing require-
ments imposed by intron-hosted snoRNAs. The
snoRNAs snR57, snR55, and snR61 are processed
from three introns of a single precursor (Fig. 3B).
We find that two of the introns (introns 2 and 3)
lie entirely within the sequence of an enveloping
intron (intron 1). The splicing signals for intron
1 are not present in the primary transcript, but
are created upon splicing of introns 2 and 3.
Thus, splicing of intron 1 can occur only after
introns 2 and 3 have been removed. (See SOM
text for similar scenarios in protein-coding
genes of other eukaryotes.) Analysis of both the
snR57/55/61 and the snR72-78 clusters in other
species indicates a significant reduction in the
sizes of internal exons within the hemiasco-
mycetes, driven perhaps by the same pressures
that streamlined their genomes (17) and leading
ultimately to nested splicing within the Candida
clade (fig. S3). In animals and fungi, intron-hosted
C/D box snoRNAs obey a strict “one-snoRNA-
per-intron” rule, a requirement imposed by their
exonucleolytic maturation pathways (18). Nested
splicing of snoRNA host transcripts fulfills this
requirement by allowing sequential removal of
individual introns despite the absence of interven-
ing exons.

Selective pressures are proposed to have driven
intron loss from hemiascomycete protein-coding
genes (19), and these same pressures may have
driven the loss we observe here. The dependence
of snoRNAs on splicing for their proper matura-
tion, however, would have imposed a constraint
against loss of their associated introns (18). This
constraint may have been overcome by the inno-
vation of an alternative snoRNA processing path-
way in the Saccharomyces lineage, where exonic
C/D box snoRNAs first undergo endonucleolytic
cleavage by theRNase III enzymeRnt1 (20). None-
theless, some capacity to process exonic snoRNAs
must be more ancient, because other hemiasco-
mycetes (Fig. 2) and more distantly related fungi
(12) do have some exon-hosted snoRNAs. It is
unknown, however, whether processing of such
snoRNAs involves Rnt1 (SOM text).

Studies of protein-coding genes have revealed
a dramatic increase in the rate of intron loss in the
hemiascomycete ancestor (21). By focusing in-
stead on noncoding RNAs, we describe unex-
pected patterns of both exon and intron loss. A
drastic reduction in the sizes of internal exons has
ultimately led to their complete loss in Candida
species, resulting in a complex formof splicing that
maintains the independent removal of now over-
lapping introns. The Saccharomyces complex, how-
ever, has experienced a second wave of intron
loss, perhaps facilitated by innovations in snoRNA
processing and mediated by a mechanism—splice
site degeneration—distinct from that which has
acted on protein-coding genes.

Fig. 3. Polycistronic snoRNA precursors exhibit unusual splicing patterns. (A) Splicing of the snR72-78
cluster in various fungal species (phylogenetic relations on left). snoRNAs are shown in green, introns as
lines, and exons as yellow boxes, with internal exons labeled by size. Cotranscription of entire clusters has
been demonstrated only for S. cerevisiae (16) and N. crassa (12). (B) Nested splicing of the snR57/55/61
snoRNA cluster in C. albicans. The 5′ splice site, branch site, and 3′ splice site sequences are shown for
introns 1 (pink), 2 (blue), and 3 (orange). Gray “exons” represent sequences joined with intron 1, by splicing
of introns 2 and 3, to create de novo intron 1 splice sites. (Inset) Reverse transcription polymerase chain
reaction products of the snoRNA host transcript from wild-type cells and those deficient for nonsense-
mediated mRNA decay (upf1-D) or nuclear exonucleolytic decay (rrp6-D). We infer the order of splicing
events from the observable products: Intron 3 is nearly always removed, intron 2 is removed in a subset of
transcripts (lower two bands), and intron 1 only when 2 and 3 have also been removed (lower band).
Patterns in decay mutants are consistent with degradation of partially spliced host transcripts in the nucleus.
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Fate Mapping Analysis Reveals
That Adult Microglia Derive from
Primitive Macrophages
Florent Ginhoux,1,2* Melanie Greter,1 Marylene Leboeuf,1 Sayan Nandi,3 Peter See,2

Solen Gokhan,4 Mark F. Mehler,4,5 Simon J. Conway,6 Lai Guan Ng,2 E. Richard Stanley,3

Igor M. Samokhvalov,7 Miriam Merad1*

Microglia are the resident macrophages of the central nervous system and are associated
with the pathogenesis of many neurodegenerative and brain inflammatory diseases; however,
the origin of adult microglia remains controversial. We show that postnatal hematopoietic
progenitors do not significantly contribute to microglia homeostasis in the adult brain. In
contrast to many macrophage populations, we show that microglia develop in mice that lack colony
stimulating factor-1 (CSF-1) but are absent in CSF-1 receptor–deficient mice. In vivo lineage
tracing studies established that adult microglia derive from primitive myeloid progenitors that arise
before embryonic day 8. These results identify microglia as an ontogenically distinct population in
the mononuclear phagocyte system and have implications for the use of embryonically derived
microglial progenitors for the treatment of various brain disorders.

Although microglial ontogeny is an exten-
sive area of research, much controversy
remains regarding the nature of microg-

lial progenitors (1, 2). The most consensual hy-
pothesis to date is that embryonic and perinatal

hematopoietic waves of microglial recruitment
and differentiation occur in the central nervous
system (CNS) (1, 2). However, the exact con-
tribution of embryonic and postnatal hemato-
poietic progenitors to the adult microglial pool in
the steady state remains unclear. We examined
the contribution of primitive and definitive hema-
topoiesis to the adult microglial population that
populates the CNS during normal development.
Our results provide direct evidence that adult
microglia derive from primitive myeloid progen-
itors that arise before embryonic day 8 (age E8.0)
and for the predominant contribution of primitive
myeloid progenitors to an adult hematopoietic
compartment.

To address the contribution of perinatal cir-
culating hematopoietic precursors to microglial
homeostasis, we reconstituted sublethally irra-
diated C57BL/6 CD45.2+ newborns with hema-
topoietic cells isolated from CD45.1+ congenic
mice (3). Although more than 30% circulating
leukocytes and tissue macrophages were of do-
nor origin 3 months after transplant (fig. S1A),
95% of adult microglia remained of host origin at

this time point (fig. S1, A and B). These results
suggest that, in contrast to previous reports (4, 5),
perinatal circulating hematopoietic precursors,
including monocytes, do not substantially con-
tribute to adult microglial homeostasis. With use
of adult congenic bone marrow chimera models,
evidence in favor of (6–8) and against (9, 10) the
contribution of circulating hematopoietic cells to
microglial homeostasis has been proposed. We
found consistently that 10 to 20% of microglia in
the brain parenchyma are of donor origin at 10,
15, and 21 months after transplant (fig. S1C).
Parabiotic mice, which share the same blood
circulation, provide a means to follow the turn-
over of adult circulating hematopoietic precur-
sors without the need for exposure to radiation
injuries. Although the mixing of the myeloid
lineage is less efficient than the mixing of the
lymphoid lineage (11), an average of 30% ofmono-
cytes and tissue macrophages were donor-derived
at 1 month and 12 months after parabiosis (fig.
S1D) (12). In contrast, less than 5% of microglia
were donor-derived at these time points (fig. S1D),
in agreement with a previous report on 5-month-
old parabionts (9). Consistent with previous re-
ports (9, 10, 13), these results suggest that the
recruitment of bone marrow–derived cells to the
brain of chimeric animals is dependent on radiation-
induced brain injuries that followed the trans-
plantation regimen. These results also suggest
that postnatal microglia are maintained indepen-
dently of circulating monocytes throughout life
and are maintained by local radio-resistant pre-
cursors that colonize the brain before birth.

Next, we examined the origin of microglia
during development. In mouse embryos, the first
wave of hematopoietic progenitors appears in the
extra-embryonic yolk sac and leads to the pro-
duction of primitive hematopoiesis, which takes
place between E7.0 and E9.0 (14, 15). An in-
dependent wave of hematopoiesis termed “defin-
itive hematopoiesis” is initiated within the embryo
proper in the aorta, gonads, and mesonephros
(AGM) region (14, 15). Around E10.5, hema-
topoietic progenitors start to colonize the fetal
liver, which serves as a major hematopoietic or-
gan after E11.5, whereas later during develop-
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