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ABSTRACT Apicomplexa are obligate intracellular parasites that cause important diseases in humans and animals. Manipulating
the pathogen genome is the most direct way to understand the functions of specific genes in parasite development and pathogen-
esis. In Toxoplasma gondii, nonhomologous recombination is typically highly favored over homologous recombination, a pro-
cess required for precise gene targeting. Several approaches, including the use of targeting vectors that feature large flanks to
drive site-specific recombination, have been developed to overcome this problem. We have generated a new large-insert reposi-
tory of T. gondii genomic DNA that is arrayed and sequenced and covers 95% of all of the parasite’s genes. Clones from this fos-
mid library are maintained at single copy, which provides a high level of stability and enhances our ability to modify the organ-
ism dramatically. We establish a robust recombineering pipeline and show that our fosmid clones can be easily converted into
gene knockout constructs in a 4-day protocol that does not require plate-based cloning but can be performed in multiwell plates.
We validated this approach to understand gene function in T. gondii and produced a conditional null mutant for a nucleolar
protein belonging to the NOL1/NOP2/SUN family, and we show that this gene is essential for parasite growth. We also demon-
strate a powerful complementation strategy in the context of chemical mutagenesis and whole-genome sequencing. This reposi-
tory is an important new resource that will accelerate both forward and reverse genetic analysis of this important pathogen.

IMPORTANCE Toxoplasma gondii is an important genetic model to understand intracellular parasitism. We show here that large-
insert genomic clones are effective tools that enhance homologous recombination and allow us to engineer conditional mutants
to understand gene function. We have generated, arrayed, and sequenced a fosmid library of T. gondii genomic DNA in a copy
control vector that provides excellent coverage of the genome. The fosmids are maintained in a single-copy state that dramati-
cally improves their stability and allows modification by means of a simple and highly scalable protocol. We show here that
modified and unmodified fosmid clones are powerful tools for forward and reverse genetics.
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Toxoplasma gondii is an obligate intracellular parasite that be-
longs to the phylum Apicomplexa, which includes numerous

important pathogens, such as Plasmodium, Cryptosporidium,
Eimeria, Neospora, and Theileria, that cause diseases in humans
and animals. Among apicomplexans, T. gondii has emerged as the
experimentally most tractable organism and is now used by many
investigators as a genetic model to understand parasite biology
(1). The ability to introduce transgenic reporters and to ablate or
modify parasite genes has driven experimental work on apicom-
plexans over the last 2 decades. A variety of approaches have been
developed to generate and introduce the DNA molecules that
bring about these changes. Initially, this was based largely on
mini-gene plasmids that place the coding sequence of a gene, typ-
ically obtained from cDNA, into the context of a promoter and
suitable 5= and 3= untranslated regions (2, 3). These tools are easily
constructed and allow researchers to study the expression and
localization of proteins by appending an epitope tag, a fluorescent
protein, or an enzyme reporter (4). These vectors can also be used
for conditional gene expression in combination with regulatable

promoters, such as those recognized by the tetracycline-regulated
transactivator system or protein destabilization domains, which
can be modulated with small-molecule ligands (5, 6). A limitation
of this approach is that it removes the gene from its natural ex-
pression context in the genome. This can result in protein expres-
sion at an inappropriate level or time, which may obscure the true
location or function of the protein or produce dominant negative
effects that make it more difficult to interpret the results. Target-
ing the modification directly to the genomic locus of the gene can
mitigate some of these problems. Typically, this is achieved by
single- or double-crossover homologous recombination using se-
quences derived from genomic DNA to target the recombination
event to the desired locus. T. gondii uses homologous as well as a
nonhomologous end-joining DNA repair systems, and typically,
nonhomologous insertion is highly favored, which can make gene
targeting challenging for some genes. The development of �Ku80
mutant strains overcomes this by drastically reducing nonhomol-
ogous recombination and thus increasing the proportion of trans-
genics derived by homologous recombination in a population of
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transfected cells. This allows gene localization and gene replace-
ment to occur under the control of endogenous regulatory ele-
ments (7, 8). Another advancement has been the development of
tetracycline-regulated transactivator TATi/�Ku80 strains for cre-
ating conditional gene knockouts in the parasite (9). These com-
bine superior efficiency of homologous recombination (due to
deletion of Ku80) with the tetracycline-regulatable promoter sys-
tem. Most recently, clustered regularly interspaced short palin-
dromic repeat (CRISPR)/Cas9-induced double-strand breaks
have also been shown to yield higher crossover frequencies (10,
11).

A third strategy uses the massive flanking sequences afforded
by large-insert genomic constructs to enhance homologous-
recombination events; this is independent of mutations in repair
mechanisms or the induction of genome injury and can be used in
wild-type (wt) parasite strains. These large genomic inserts are not
amenable to restriction cloning but can readily be modified in
Escherichia coli via recombination-based genetic engineering (re-
combineering) to convert them into gene-tagging or gene knock-
out constructs (12, 13). The two large-insert cosmid libraries
(TOX and PSB) available for T. gondii have been used to study the
functions of genes in various biological processes, such as cell
division, egress from host cells, isoprenoid biosynthesis, fatty acid
synthesis, and apicoplast and mitochondrial function (1, 9, 14–
20). Recombineering is a widely used platform to quickly and
cost-effectively modify large DNA to produce large numbers of
vectors for genome-wide functional analysis in mice (21, 22).
However, cosmids are maintained at 50 copies per bacterial cell,
and the presence of multiple copies can result in the modification
of only a subset of cosmids. Also, activation of the phage recom-
bination system in the context of multicopy constructs can pro-
duce illicit recombination and rearrangements, creating deletions
or chimeric molecules.

Here we report the construction of a new fosmid resource of
genomic DNA from the highly virulent RH strain of T. gondii. The
library uses a copy control vector that overcomes many of the
above-mentioned complications and offers a robust and fast route
to genetic modification. The fosmid clones are maintained as a
single copy per bacterial cell, which dramatically improves their
stability during storage and through the recombineering process.
Upon completion of the modification, a second high-copy-
number origin of replication can be triggered using an inducer
molecule to produce bulk DNA. We describe a powerful recom-
bineering approach using these fosmids to modify the parasite’s
genome by homologous recombination. Given our interest in un-
derstanding the role of nuclear compartmentalization in the reg-
ulation of the cell cycle in T. gondii (23), we decided to test the
utility of the fosmid approach to understand the role of a previ-
ously uncharacterized parasite nucleolar protein belonging to the
NOL1/NOP2/SUN family. We report here the creation of a con-
ditional knockout mutant for this essential nucleolar protein via
promoter replacement by the fosmid approach. The T. gondii
model not only permits reverse genetic modification of parasites
but also offers exciting forward genetic possibilities. Such ap-
proaches have been used to map the genetic loci underlying the
differences in strain virulence and have led to the discovery of how
secreted rhoptry kinases allow the parasite to evade attachment by
innate and acquired host immunity (24–26). Similarly, chemical
mutagenesis in combination with screens for temperature sensi-
tivity has produced important insights into host cell invasion and

parasite replication (27, 28). Here we show the potential of the
new fosmid resource for genetic complementation analysis using
the example of a cell cycle mutant. We tested fosmids covering six
nonsynonymous single nucleotide polymorphisms (SNPs) pre-
dicted by whole-genome sequence analysis and identified the key
mutation in the gene encoding regulator of chromatin condensa-
tion 1 (RCC1), responsible for the phenotype.

RESULTS
The fosmid library provides high coverage of the Toxoplasma
gondii genome. Our goal was to establish a resource for genome
engineering in T. gondii that is stable, is amenable to efficient and
scalable manipulation, and provides access to the entire genome.
We constructed a fosmid library by hydroshearing T. gondii RH
genomic DNA into ~40-kb fragments (Fig. 1A). Hydroshearing to
produce a random unbiased library based on physical breakage
and size fragmentation was used rather than the traditional ap-
proach of partial Sau3AI digestion of DNA. To construct the li-
brary, we chose a copy control vector (pCC2FOS) that contains an
E. coli F-factor single origin of replication as well as an inducible
high-copy-number oriV gene. This system offers the advantage of
stably maintaining fosmid clones in EPI300-T1R phage-resistant
E. coli at a single copy per cell, thus avoiding the undesired recom-
bination that we experienced with previously constructed cosmid
libraries for a subset of clones. The fosmid clones could be ampli-
fied to high copy numbers (10 to 200 copies/cell) when desired
since the EPI300-T1R E. coli cells provided the product of the trfA
replication initiation gene under the tight control of an arabinose-
inducible promoter for initiation of replication from oriV.

The T. gondii fosmid library contained 200,000 independent
clones that were maintained as a glycerol stock at �80°C. A ran-
dom subset of 10,000 clones was picked and end sequenced using
the vector-specific primers PC1F and PC1R (primer sequences are
provided in Table S1 in the supplemental material). Sequences
from clones (n � 8,408) that produced high-quality reads from
both ends were used as queries in a BLAST search against the
T. gondii ME49 genome to obtain the start and end coordinates of
each of the clones in the genome. Although all 8,408 clones
mapped to the T. gondii genome, only 7,046 fosmids mapped to
annotated chromosomes; the remaining (n � 1,362) mapped to
unassembled regions, such as genomic scaffolds or assemblies. Of
the 7,046 clones that mapped to Toxoplasma chromosomes, 1,537
clones showed multiple BLAST hits on different chromosomes
and were excluded from our analysis to avoid ambiguity. The
genome-wide set of the mapped fosmid clones (n � 5,509) is
publicly available under the Genome Browser track of ToxoDB
(http://toxodb.org/cgi-bin/gbrowse/toxodb/).

The insert size distribution of the sequenced and mapped fos-
mid library is shown in Fig. 1B, with 98.5% (5,426 out of 5,509) of
the clone inserts in the 20- to 50-kb range; the average insert size is
35 kb. We next wanted to determine the number of genes that
were covered by these fosmid clones (Fig. 1C). As expected, the
number of genes covered increased with the number of clones, but
the curve plateaus at 2,212 fosmids. These 2,212 fosmids covered
~95% (7,861 out of 8,317) of the genes on the T. gondii chromo-
somes (Fig. 1C), suggesting that we reached saturation with re-
spect to the number of T. gondii genes covered.

We also wanted to compare the coverage of the fosmids to that
of the existing clones from two cosmid libraries (Fig. 2). For this
purpose, we used the start and end coordinates of the clones and
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generated a map of their coverage across all 14 Toxoplasma ME49
chromosomes, based on the current genome assembly and anno-
tation. The 5,509 fosmid clones were found to provide deeper
coverage of the 14 T. gondii chromosomes than did the 7,773
cosmid clones (Fig. 2A). We also performed an analysis to com-
pare the numbers of genes covered per chromosome by cosmid
(Fig. 2B) and fosmid clones (Fig. 2C). The fosmid clones, even
though fewer, covered 79 more genes in total than the cosmids
(also see Table S2 in the supplemental material).

Modification of fosmid DNA via recombineering. We wanted
to optimize a recombineering strategy to modify our set of arrayed
and sequenced fosmids for transfection into the parasite to
create gene knockouts. Given our interest in understanding the
role of nucleolar proteins, we picked fosmid RHfos05J01
(TGME49_chrIX, positions 2582982 to 2625679; size, 42.69 kb)
as an example. This clone covers the T. gondii gene
(TGME49_288530) that encodes a protein belonging to the
NOL1/NOP2/SUN family. To create a conditional knockout for
the SUN gene, we grew bacteria carrying fosmid RHfos05J01 re-
covered from our frozen clone collection and used the
gentamicin-dihydrofolate reductase (DHFR)-T7S4 modification
cassette (9) to replace the endogenous promoter in the fosmid
with a tetracycline-regulatable promoter (Fig. 3A). This cassette
was amplified with long primers (SUN_PR_F and SUN_PR_R)
that amplify the cassette and also contain homology flanks that
target 50 bp 5=of the promoter and 3=of the initiation codon of the
SUN gene (primer sequences are provided in Table S1 in the sup-
plemental material). The RHfos05J01 fosmid was grown in chlor-

amphenicol, and recombination was induced after electropora-
tion with plasmid pSC101gbaArec. The amplified SUN promoter
replacement cassette was then introduced, and recombination led
to the replacement of the SUN gene promoter with the T7S4 pro-
moter. The fosmids were selected on chloramphenicol and genta-
micin plates, and the colonies that grew were screened by PCR
using primers P3 and P4. No growth was observed on chloram-
phenicol and gentamicin plates for clones in which the recombi-
nation machinery was not switched on and for no-DNA controls.
The copy number of the modified SUN fosmid clone was induced
using L-arabinose to produce bulk DNA for parasite transfection.

We also wanted to optimize a liquid recombineering protocol
in deep 96-well plates. This protocol may be faster, as it avoids
plates and colony picking, and the recombineering procedure can
be performed in a high-throughput manner to allow modification
of multiple fosmids in parallel. We repeated the modification of
the SUN gene with two different targeting cassettes (resulting in
promoter replacement or insertion) and picked four additional
fosmids (see Table S3 in the supplemental material). Ten indepen-
dent fosmid modifications were conducted in parallel. Eight of the
10 targeted constructs were modified successfully using liquid re-
combineering in a 96-well plate in the first attempt (see Table S3 in
the supplemental material) as determined by PCR screening
(Fig. 3B). No bacterial growth was observed for experiments in
which the recombination machinery was not induced or in which
a modification cassette was not supplied, indicating a negligible
background. Our results suggest that the liquid recombineering
procedure is very robust and fast. A targeting construct with large

FIG 1 Characterization of the Toxoplasma gondii RH strain fosmid genomic DNA library. (A) CHEF gel showing the size comparison of native high-molecular-
weight T. gondii genomic DNA with hydrosheared DNA used for library preparation. The positions and sizes (kb) for the midrange II PFG marker are shown. (B)
Size distribution (kb) of the 5,509 T. gondii fosmid library clones. The mean size of ~35 kb is indicated as a red dashed line. (C) Coverage of T. gondii genes as
fosmid clone number increases. The line plateaus at 2,212 fosmids, covering 7,816 T. gondii genes.
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flanks on both sides could be obtained in 4 days; 7 days is required
for modification when bacteria are plated and cloned at each step.

Modified fosmid DNA efficiently replaces the endogenous
promoter of the T. gondii SUN gene. We tested the utility of
modified fosmids to create conditional knockout mutants of

T. gondii using the locus of the T. gondii SUN (TgSUN) protein.
We first introduced an HA3 epitope tag into this locus in a TATi
�Ku80 background using single homologous recombination (7)
to be able to later follow the fate of the gene and protein. Analyzing
the resulting drug-resistant clones by immunofluorescence assay,

FIG 2 Comparison of coverages of T. gondii chromosomes by cosmids and fosmids. (A) Ideogram showing the regions of the T. gondii chromosomes covered
by cosmids (red) and fosmids (blue). White spaces indicate no coverage. (B and C) Cosmids (B) and fosmids (C) mapping to genes on the 14 T. gondii
chromosomes. The genes covered on each chromosome are shown in coral, whereas those that are not covered are shown in turquoise.
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we found that TgSUN is a nucleolar protein that is robustly ex-
pressed in the tachyzoite stage and formed a ring-shape structure
in the nucleolus of the parasite (Fig. 4A). To further describe the
nucleolar compartment to which this protein localizes, we used an

antibody to fibrillarin (to stain the dense fibrillar compartment)
and found that TgSUN surrounds this protein (Fig. 4B). Thus, the
SUN protein is localized to the outermost granular compartment
of the nucleolus. Western blot analysis revealed that the tagged

FIG 3 Fosmid modification by recombineering. (A) Steps of fosmid modification. In step I, the fosmid containing the gene of interest (GOI) is grown overnight
in the presence of chloramphenicol (chl) at 37°C. Plasmid pSC101gbaArec, a plasmid carrying recombination Red �, �, and � proteins is transformed into the
cells. This plasmid has a tetracycline (tet) resistance marker and a temperature-sensitive origin of replication that allows growth only at 30°C, and the recombinase
genes under the tight control of an arabinose-regulatable promoter. GENT, gentamicin. In step II, addition of L-arabinose (ara) switches on the recombination
machinery. Cells are transformed with the gentamicin-DHFR-T7S4 promoter PCR cassette containing 50-bp regions of homology flanking the 5= and 3= ends of
the cassette. In step III recombination occurs, and the cassette is integrated, leading to replacement of the endogenous promoter with the T7S4 promoter, at which
time cells are grown with chloramphenicol and gentamicin. Overnight growth at 37°C leads to removal of the pSC101gbaArec recombination protein expression
plasmid, preventing further rearrangement of the construct. The modified fosmid is induced to high copy numbers by addition of L-arabinose. Modified fosmid
DNA can now be used directly for transfection into T. gondii, and the parasites are selected with pyrimethamine (Pyr). After homologous recombination in the
parasite, the T7S4 promoter replaces the endogenous promoter and gene expression can be regulated upon addition of anhydrotetracycline (ATc). (B) PCR
detection of modification of multiple fosmids performed using liquid recombineering. The results of PCR screening of five different fosmid clones to detect
promoter replacement (PR) with the tetracycline-regulatable promoter or insertion (PI) are shown. No band is seen for the unmodified fosmids (UM). The PCR
results shown here are an inverted image of an ethidium-bromide-stained agarose gel. The sequences of the primers used for PCR amplification are shown in
Table S1, and further detail on the fosmid clones and the genes that they cover are provided in Table S3 in the supplemental material.
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protein was of the predicted molecular mass of ~91 kDa (87.6-
kDa SUN protein plus the 3.17-kDa epitope tag), and no reactive
band was observed in the TATi�Ku80 parental line (Fig. 4C).

We then transfected this tagged parasite line with the modified
fosmid DNA and selected for pyrimethamine resistance conferred
by the DHFR marker that we introduced into the fosmid. Clones
(n � 48) were screened by PCR for double homologous recombi-
nation and replacement of the endogenous promoter with the
regulatable T7S4 promoter (Fig. 5A). Since the fosmid insert is
large (42 kb), it was impractical to amplify a diagnostic PCR prod-
uct that was anchored by a primer in the modification cassette on
one side and by a primer in a region outside the fosmid on the
other. Therefore, we performed a PCR screen to detect the loss of
the endogenous promoter due to replacement by the modification
cassette (Fig. 5B, amplification with primers P4 and P5) and found
no amplification in the promoter replacement clone, while ampli-
fication was seen in the TATi �Ku80 parental line. A success rate
of 35% for homologous recombination was obtained, as 17 of the
48 clones screened showed replacement of the endogenous pro-
moter with the T7S4 promoter. We also used primers flanking the
bacterial chloramphenicol acetyltransferase (CAT) resistance
marker found on the backbone of the fosmid. Double homolo-
gous recombination of the modification cassette into the chromo-
somal locus would eliminate this sequence; in contrast, episomal
maintenance of the fosmid would preserve it. No amplification for
the CAT gene using primers P6 and P7 was observed, and we
therefore conclude that the promoter was successfully replaced in
the parasite (Fig. 5B).

Modified fosmid provides tight regulation of protein expres-
sion. The tetracycline-inducible SUN knockout clone (i�SUN-
KO) was grown in the presence of anhydrotetracycline (ATc) to
assess the regulation provided by the introduced modified fosmid
cassette. Western blotting using anti-HA antibody revealed that
the expression of the SUN protein was markedly downregulated

over the course of 48 h of ATc treatment (Fig. 6A). This reduction
was also apparent in immunofluorescence assays performed after
24 h of ATc treatment; these parasites also showed a more con-
densed labeling that had lost its typical ring shape. The remaining
protein was now localized to the dense fibrillar component and
colocalized with fibrillarin (Fig. 6B, �ATc, 24-h panels). After
48 h of ATc treatment, nucleolar TgSUN was no longer detectable
(Fig. 6B, �ATc, 48-h panels). No change in nucleolar morphology
was observed in the i�SUN-KO and parental line in the absence of
ATc (Fig. 6B, �ATc panels).

Next we measured the growth of i�SUN-KO and its TATi
�Ku80 HA-tagged parental line in the presence and absence of
ATc by plaque assays. We did not observe plaques when the pro-
moter replacement parasites were grown in the presence of ATc
for 7 days, indicating that the protein is essential for parasite
growth (Fig. 6C). The parental line continued to grow efficiently
in the presence of ATc and is shown as a control (Fig. 6C). These
results suggest that fosmid recombineering is suitable for modify-
ing essential genes in the T. gondii parasite. In the absence of ATc,
the plaques observed for the i�SUN-KO promoter replacement
line were smaller in size than those for the TATi �Ku80-HA pa-
rental line (see Fig. S1 in the supplemental material; the difference
was moderate yet statistically significant). This may be due to dif-
ferences between the level of expression of the SUN protein driven
by the T7S4 promoter and the level of expression of the protein
driven by its endogenous promoter.

Fosmid complementation of a ts mutant identifies a new
variant of the Toxoplasma RCC1 ortholog as the key protein
responsible for conditional growth arrest. Large-insert clones
of genomic DNA are ideal for complementation analysis. We
explored the potential of this new library for genetic comple-
mentation of temperature-sensitive (ts) mutants. Specifically
we tested the ts mutant 13-136A8 strain isolated in a previously
described large chemical mutagenesis screen (28). This mutant

FIG 4 Localization and expression of the T. gondii SUN protein. (A) Fluorescence microscopy of the C-terminally HA-tagged SUN protein using anti-HA
(green) and IMC1 (red [to outline parasite cells]) antibodies shows its nucleolar localization. Nuclei are stained with DAPI (4=,6-diamidino-2-phenylindole)
(blue). (B) SUN protein is associated with the granular compartment (outer) of the nucleolus. Fibrillarin antibody staining of the dense fibrillar compartment
is shown in red, and the HA-tagged SUN protein (green) forms a ring-shaped structure around the fibrillarin. (C) Western blot of parasite pellets showing
expression of HA3-tagged SUN protein using anti-HA antibody. The TATi �Ku80 parental line showing no expression is included as a control. The lower panel
shows the loading control using anti-�-tubulin antibody.
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FIG 5 Fosmid-based generation of the conditional SUN2 mutant by promoter replacement. (A) Scheme of replacement of the endogenous promoter with an
inducible tetracycline-regulatable promoter (T7S4) via double homologous recombination in the TATi �Ku80 HA-tagged line using fosmid DNA. The fosmid
DNA is modified by recombineering in E. coli to introduce the gentamicin-DHFR-T7S4 cassette in place of the endogenous promoter for the SUN gene as
described in the legend of Fig. 2. The modified fosmid DNA is then transfected into T. gondii for homologous recombination and promoter replacement to occur.
The genes upstream (TGME49_288500, _288510, and _288520) and downstream (TGME49_288540, _288550, _288560, and _288570) of SUN are shown as
unfilled boxes. The HA3 tag and the chloramphenicol resistance marker in the parasite are displayed in pink and light blue, respectively. (B) PCR mapping of the
SUN promoter replacement clone using primers indicated in panel A. The integration at the 5= (P1 and P2 primers) and 3= (P3 and P4 primers) ends of the
promoter replacement is documented. PCR amplification with a primer set (P4, P5) that amplified within the endogenous promoter region in TATi �Ku80, but
not in the i�SUN-KO line, is also shown. Primers (P6, P7) flanking the CAT resistance marker on the fosmid backbone resulted in a 930-bp band in the modified
fosmid (shown as a control) but no amplification in the i�SUN-KO and TATi �Ku80 parasite lines. The primer sequences are provided in Table S1 in the
supplemental material. The PCR results shown here are an inverted color image of an ethidium-bromide-stained agarose gel.
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was found to grow normally at 34°C but showed a severe
growth defect when cultured at 40°C. Phenotypic characteriza-
tion revealed that the majority of the cells were unable to com-
plete a second round of the division (Fig. 7A, 40°C panel) and
were arrested in the premitotic stage, as evidenced by costain-
ing with the nuclear centrocone marker MORN1 and apico-
plast protein Atrx1. Neither expansion of the centrocone that
normally occurs in the S/M phase (Fig. 7A, 34°C, anti-MORN1
staining) nor duplication of the apicoplast was detected in the
13-136A8 mutant parasites grown at 40°C. These phenotypic
features together with the absence of budding pointed toward a
likely S-phase arrest of the ts mutant 13-136A8. We observed
irregular DNA staining, with evident relaxation of the chroma-
tin in the proximal part of the nucleus (Fig. 7A, graphs, blue
DAPI line) and overcondensation in the apical region, al-
though the overcondensation region was close to but clearly
segregated from plastid DNA (Fig. 7A). This mutant represents
the first S-phase mutant of Toxoplasma characterized.

Previously, we developed a genetic protocol to identify the
defective gene in ts mutants that employs primary complemen-
tation with a cosmid genomic library followed by marker res-
cue, secondary complementation with single cosmids to re-
solve the locus, and, finally, sequencing to identify the point
mutation (28). While successful, this protocol is low through-
put, labor-intensive, and time-consuming. To identify the mu-
tation responsible for this growth defect, we developed an up-
dated strategy taking advantage of the reduced cost of whole-
genome sequencing and the fosmid library. We first performed
whole-genome comparison of this mutant and its parent RH
strain and identified SNPs resulting in nonsynonymous muta-
tions in eight predicted proteins (see Table S4 in the supple-
mental material). We prioritized candidates further by requir-
ing genes to show expression in tachyzoites (�15th-percentile
expression in tachyzoites) and a mutation leading to a noncon-

servative amino acid change. This narrowed the field to six
genes that were selected for genetic complementation of the
13-136A8 mutant. Six corresponding fosmid clones spanning
each gene were identified in the library and used for DNA prep-
aration. We used a stepwise protocol to avoid the pitfall of
reversion (Fig. 7B). The initial transformation was carried out
using a pool of all six fosmids; this rescued the growth of the
13-136A8 mutant at 40°C. Next, the mutant was transformed
with two sets of three fosmids each (set 1, RHfos20F20,
RHfos01J09, and RHfos21J15, and set 2, RHfos07K16,
RHfos19E05, and RHfos10E09). Only set 2 was able to restore
growth at the restrictive temperature. When fosmids from set 2
were individually tested, only fosmid RHfos19E05 resulted in
phenotypic complementation (Fig. 7B). This 39.45-kb fosmid
(chromosome V, positions 1401130 to 1440586) spans six
genes, including TGGT1_213900, bearing the mutation V728G
identified by whole-genome sequencing in a conserved RCC1/
BLIP-II region (Fig. 7C). The complementing gene TgRCC1
encodes a predicted regulator of chromosome condensation,
and the role of this factor in nuclear trafficking in T. gondii has
been previously reported (29). Consistently with the S-phase
phenotype of this mutant, endogenous HA3 epitope tagging
of RCC1 revealed a granular nuclear localization (Fig. 7D),
which validates the results reported previously for this protein
(29). Nuclear localization and conserved function in chro-
matin organization explain the DNA relaxation observed in
the TgRCC1-deficient cells, which likely contributes to the
temperature-sensitive arrest of parasites in the premitotic
stage, which in other eukaryotes requires proper DNA conden-
sation. Taken together, whole-genome sequencing followed by
serial pool complementation with sets of fosmid clones rapidly
reduces the effort and time required to pinpoint the mutations
responsible for conditional growth in ts mutants.

FIG 6 Regulation of SUN protein expression. (A) Western blot using anti-HA antibody protein lysates of the i�SUN-KO line obtained from cells grown in the
absence (�ATc) or presence (�ATc) of ATc for different lengths of time. Note the rapid decrease in expression of the SUN protein after the addition of ATc. The
lower panel shows labeling with an anti-�-tubulin antibody as a loading control. (B) Fluorescence microscopy of T. gondii i�SUN-KO parasites grown in the
absence and presence of ATc for 24 and 48 h. The nucleus is stained with DAPI (blue); anti-HA (green) and anti-fibrillarin (red) antibodies show the nucleolar
localization of the SUN protein. In the absence of ATc, the ring-like nucleolar localization pattern is indistinguishable from the native pattern shown in Fig. 3B,
where the SUN protein surrounds the fibrillarin-labeled zone. In the presence of ATc, initially, the remaining SUN protein seems condensed, losing its ring-like
pattern, and instead colocalizes with fibrillarin (24 h), whereas at 48 h of ATc treatment, staining for the SUN protein is no longer observed. (C) Plaque assays in
the absence (�) or presence (�) of ATc. No plaques are seen in the i�SUN-KO parasite line upon addition of ATc and after growth for 7 days, indicating that
this gene is essential for parasite growth. The TATi �Ku80 HA-tagged parental line grown in the presence or absence of ATc is shown as a control. Quantification
of plaque size is shown in Fig. S1 in the supplemental material.
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DISCUSSION

We describe an improved system for genetic analysis and modifi-
cation to study the biology of the parasite T. gondii. The main
resource generated in this effort is an arrayed and end-sequenced
fosmid library that was produced by random shearing, with an
average insert size of 35 kb. This library yielded excellent coverage
of the parasite’s genome, exceeding and extending the available
resources (14, 30). The sequenced clones cover ~95% of the genes
that often provide researchers multiple fosmids, covering a partic-
ular gene of interest to choose from. We demonstrate several im-
portant applications of this resource.

The deep coverage of the library and the high stability of its
clones make it an excellent resource for complementation assays.
Forward genetic screens are very powerful tools of discovery, as
they do not require preconceived notions of mechanism and func-
tion. While mutants are easily generated by chemical mutagenesis
(31), linking mutation to phenotype has required significant effort

(28). Improvements in sequencing technology now permit mu-
tant identification by whole-genome sequencing (27, 32), and this
technology will likely further improve and become more afford-
able. However, mutagenesis typically produces multiple changes
per genome that have to be validated one by one. We demonstrate
here that the arrayed genome resource can be used to quickly and
rigorously reduce that complexity.

The arrayed genome also provides avenues for genome engi-
neering and reverse genetic analysis. The optimized liquid recom-
bineering pipeline in E. coli that we describe here for T. gondii
fosmid modification is highly efficient and scalable and thus can
be used to modify numerous clones in parallel (using the deep,
96-well plate format). This robust recombineering procedure also
substantially reduces the time required to create constructs for
gene knockouts. This platform can also be used for gene tagging,
the introduction of point mutations at desired sites, and parasite
complementation experiments. The power of liquid recombineer-

FIG 7 Growth defect and complementation of the ts mutant 13-136A8 using fosmids. (A) Mutant parasites were grown for 24 h at 34°C or 40°C and stained with
anti-Atrx1 (left panel) and anti-MORN1 (right panel) to detect apicoplasts and nuclear centrocone, respectively. Cells were costained with DAPI (blue) and
anti-IMC1 (red). The white arrows indicate diffuse distribution of the nuclear chromatin in the parasites arrested at 40°C, whereas DNA condensation was not
affected in the cells grown at 34°C. Quantification of the DAPI fluorescent signal across the nucleus (white line) is presented on the graphs. Incubation at 40°C
resulted in the overcondensation of the chromatin at the apical end (overlapping green and blue peaks [40°C]) and DNA relaxation at the proximal end (blue line,
right shoulder). Note that at 40°C, the mutant was unable to replicate the plastid or the nuclear centrocone, which is consistent with a premitotic arrest in S phase.
(B) Genetic complementation of the ts mutant 13-136A8 was performed using fosmids in three sequential steps. A pool of fosmids covering predicted SNPs were
used in the series 1 complementation. In series 2, the fosmid pool was divided into two sets, and in the third and final round, three fosmids were tested
individually. Successful growth of the ts mutant at 40°C is shown in green. (�) The genomic locus spanned by the insert of fosmid clone RHfos19E05 resulted in
rescue of the high temperature sensitivity of the ts mutant 13-136A8. Fosmid RHfos19E05 contains six genes: TGGT1_213880, TGGT1_213885, TGGT1_213890,
TGGT1_213900, TGGT1_213910, and TGGT1_213920. The V728G mutation identified by whole-genome sequencing in the RCC1/BLIP-II domain of
TGGT1_213900 is indicated with an arrow. (D) HA-tagged TgRCC1 localizes to the parasite nucleus, consistent with the S-phase phenotype of the 13-136A8 ts
mutant. Costaining of the TgRCC1 protein with anti-HA antibody (green), DAPI (blue) (nuclear staining), and anti-IMC1 antibody (red) is shown.
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ing was first described to generate green fluorescent protein
(GFP)-tagged transgenes from Caenorhabditis briggsae bacterial
artificial chromosome (BAC) genomic clones (33). This technol-
ogy has successfully been applied to engineer fosmid clones in
Drosophila (34) and to the bacteriophage N15-based library for
Plasmodium berghei, albeit with a smaller average insert size of
9 kb due to the AT-rich nature of the Plasmodium genome (13).
Importantly, this resource is easily combined with other ap-
proaches. The use of CRISPR/Cas9 has recently been described for
T. gondii for introducing double-strand breaks and allows efficient
gene disruption (10, 11). The collection of the fosmid clones and
the robust recombineering pipeline make the library an attractive
system to provide homologous recombination donor constructs
for modification experiments. Furthermore, while yielding excit-
ing efficiency, CRISPR/Cas9 has some limitation stemming from
significant off-target effects (35–37). Having available a technol-
ogy that relies on simple homologous recombination without ad-
ditional mutation may be a strength in certain settings.

In this study, we document the utility of the fosmid modifica-
tion approach to create a conditional knockout for the essential
nucleolar SUN gene in T. gondii via a promoter replacement strat-
egy. The high efficiency of recombination that occurs due to the
long homology arms of the fosmid made it easy to isolate stable
transgenic clones in the parasite. This is the first SUN protein
described for any apicomplexan parasite. The first SUN domain
protein (Fmu) was described in E. coli and methylates C-967 in the
16S rRNA, while other members of the family containing this
domain are involved in the methylation of tRNAs (38). The best
studied among them is the Myc-induced SUN domain-containing
protein (Misu or NSun2), a nucleolar tRNA methyltransferase
important for c-Myc-induced proliferation in skin that is required
for proper mitotic spindle assembly and cell cycle progression
(39–41). Our results indicate the essential role of the T. gondii
SUN protein in nucleolar stability and parasite growth.

In conclusion, the arrayed and sequenced T. gondii fosmid
clone library is a valuable resource to the parasitology community,
enabling and enhancing both forward and reverse genetic analysis.

MATERIALS AND METHODS
Toxoplasma gondii fosmid library preparation. High-molecular-weight
genomic DNA was extracted from Toxoplasma gondii RH strain parasites.
Briefly, parasites from four T-175 parasite flasks were harvested and fil-
tered through 3-�m polycarbonate membrane filters, followed by DNase
I treatment to remove host cell DNA contamination. DNase I was heat
inactivated at 75°C for 20 min, and the parasite pellet was suspended in
10 ml of 10 mM Tris, 1 mM EDTA (TE), pH 8.0. Parasites were lysed in
0.2% SDS and RNase A (0.04 �g/ml) for 4 h at 37°C. Proteinase K was
added to the lysate and incubated at 37°C for 1 h, followed by overnight
digestion at 56°C. DNA was extracted with phenol-chloroform-isoamyl
alcohol (25:24:1) followed by chloroform extraction and precipitation
using 0.2 volumes of 10 M ammonium acetate and 2 volumes of 100%
ethanol. Precipitated DNA was spooled out of the tube and resuspended
in TE overnight at 4°C.

The extracted DNA was aliquoted into tubes (20 �g per tube) and
subjected to fragmentation using a HydroShear device employing a large
shearing assembly (fragment size, 4 kb to �50 kb; Digilab Inc., MA). DNA
shearing was monitored by pulse-field gel electrophoresis (PFGE) on a 1%
agarose gel in 0.5� Tris-borate-EDTA (TBE) on a contour-clamped ho-
mogeneous electric field (CHEF) and crossed-field gel electrophoresis
mapper system (Bio-Rad, CA) using the following parameters: 4 V/cm, an
included angle of 120°, a switch time linearly ramped from 5 to 25 s, and
16 h at 16°C. The gel was stained with ethidium bromide and visualized on

a UV transilluminator and compared with the Midrange II PFG marker
(New England Biolabs, MA) to visualize the zone of DNA fragments in the
~40-kb range. Shearing was optimized in a series of pilot experiments and
carried out at a speed code of 16 for 25 cycles, with a retraction speed of 20
for library construction.

DNA of the desired fragment length (~40 kb) was end repaired to
generate blunt phosphorylated 5= ends, ligated with the linearized
pCC2Fos copy control vector, packaged using MaxPlax lambda packaging
extracts, and transformed into phage EPI300-T1R E. coli cells according to
the manufacturer’s instructions (Epicentre Biotechnologies, WI). Differ-
ent dilutions of the package phage were plated to count colonies and
determine the size of the library. The fosmid library contained 200,000
independent clones, and glycerol stocks of the library were prepared and
frozen at �80°C.

Fosmid library clone picking, sequencing, and mapping to the
T. gondii genome. To characterize the library, 20 random fosmid clones
were picked in 12.5 �g/ml chloramphenicol and induced to high copy
numbers using 0.2% arabinose for miniprep DNA isolation. The clones
were digested with NotI, recognition sites for which flank the insert on the
fosmid, and insert size was determined by gel electrophoresis. The clones
were also sequenced using vector-specific primers, PC1F and PC1R
(primer sequences can be found in Table S1 in the supplemental mate-
rial). A dilution of library glycerol stock was plated onto large 22- by
22-cm rectangular QTrays containing 12.5 �g/ml chloramphenicol and
incubated at 37°C overnight. A QBot robotic device (Genetix Inc., USA)
was used to pick clones and array them into 384-well plates; the device was
also used to replicate the plates. The clones were deposited into freezing
medium [36 mM K2HPO4 (anhydrous), 13.2 mM KH2PO4, 1.7 mM so-
dium citrate, 0.4 mM MgSO4·7H2O, 6.8 mM (NH4)2SO4, 4.4% (vol/vol)
glycerol in LB containing 12.5 �g/ml chloramphenicol], and plates were
stored at �80°C. A set of plates was sent for end sequencing to Lucigen
Corporation (WI) using primers PC1F and PC1R. The sequences ob-
tained for each clone were subjected to BLAST search in the Toxoplasma
database (http://www.toxodb.org), version 8.2, and mapped to the anno-
tated ME49 genome.

High-throughput modification of fosmids in Escherichia coli via
recombineering. The fosmid clones containing the gene of interest were
picked from the 384-well plates and grown overnight at 37°C in
12.5 �g/ml chloramphenicol either in tubes (single fosmids) or in 2-ml-
deep 96-well plates (for high-throughput modification of multiple fos-
mids). The overnight cultures were diluted, and a secondary inoculation
was allowed to grow at 37°C with shaking at 250 rpm in the incubator (for
tubes) or 900 rpm in a BioShake iQ ThermoMixer (Quantifoil Instru-
ments GmBH, Germany) until the optical density at 600 nm (OD600)
reached 0.6 to 0.8. The tube or plate was chilled on ice for 15 min, and
electrocompetent cells were prepared by pelleting and washing them three
times in chilled sterile water. After the final washing step, 10 ng of recom-
bination plasmid pSC101gbaArec (a kind gift from Oliver Billker, Well-
come Trust Sanger Institute, United Kingdom) was added. This is a low-
copy-number plasmid and has a temperature-sensitive origin of
replication and a tetracycline resistance marker. The resuspended pellet
was transferred to a chilled 1-mm cuvette. Cells were electroporated with
a BTX ECM 630 system (1,800 V, 25 �F, 200 �) and allowed to recover at
30°C for 70 min in antibiotic-free media. Chloramphenicol and tetracy-
cline were added to the media to final concentrations of 12.5 �g/ml and
5 �g/ml, respectively, and cells were grown overnight at 30°C.

The overnight cultures were used for secondary inoculation and
grown at 30°C to an OD of 0.3 to 0.4. The expression of recombination
genes was induced by adding L-arabinose to a final concentration of 0.2%,
and temperature was raised to 37°C for 40 min. The tubes/plates were
chilled for 15 min, and electrocompetent cells were prepared. A recom-
bineering PCR cassette was amplified with proofreading PrimeSTAR HS
DNA polymerase (TaKaRa Bio Inc., Japan) using long primers (50-bp
gene-specific overhangs and 25 bp matching the cassette). The PCR prod-
uct was treated with DpnI to destroy the template plasmid prior to gel
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purification. Five hundred nanograms of this PCR recombineering cas-
sette was delivered by electroporation as described above. After recovery,
cultures were grown overnight at 37°C in media or plated on LB plates
with 12.5 �g/ml chloramphenicol (for the fosmid) and 10 �g/ml genta-
micin (for the cassette). The modification of fosmid clones was confirmed
by PCR. Also, the confirmed modified fosmids were grown in chloram-
phenicol and gentamicin and induced with 0.2% arabinose (to increase
fosmid copy number), and isolated miniprep DNA was subjected to
Sanger sequencing.

Construction of a tagged reporter parasite line. T. gondii
NOL1/NOP2/SUN (ToxoDB gene identifier, TGGT1_288530) and wild-
type (wt) T. gondii RCC1 (TgRCC1) (ToxoDB gene identifier,
TGGT1_213900) were tagged with a C-terminal 3-hemagglutinin (HA3)
epitope through modification of their respective genomic locus. For the
SUN gene, a 2,726-bp region of the genomic sequence preceding the stop
codon was amplified from T. gondii genomic DNA using primers SUN-
LICF and SUN-LICR (see Table S1 in the supplemental material). The
amplified product was introduced by ligation-independent cloning (42)
into the vector pLIC-HA3-CAT (7, 8). T. gondii TATi �Ku80 parasites (9)
grown in human foreskin fibroblasts (HFF) were transfected with the
linearized pLIC-SUN-HA3-CAT plasmid and selected on chlorampheni-
col, and clonal parasite lines were isolated, as previously described (4). For
the TgRCC1 gene, a 1,329-bp PCR DNA fragment was amplified using the
RCC_LICF and RCC_LICR primers (see Table S1 in the supplemental
material), encompassing the 3= end of TgRCC1, to construct the plasmid
pLIC-TgRCC1-HA3x/HxGPRC. This plasmid was electroporated into
�Ku80 parasites and subjected to positive selection on mycophenolic acid
and xanthine.

Transfection of modified fosmids into tagged reporter lines and iso-
lation of conditional mutants. The SUN fosmid was modified to replace
the endogenous promoter with a tetracycline-regulatable promoter,
tetO7sag4 (T7S4), using the recombineering procedure described above.
The gentamicin-DHFR-T7S4 cassette described by Sheiner et al. (9) was
used as a template to amplify the cassette with 50-bp homology flanks
using primers SUN_PR_F and SUN_PR_R. The modified fosmid was
transfected into TATi �Ku80 parasites and selected on pyrimethamine.
Clones were screened for promoter replacement, 5= and 3= integration,
and the presence of the circulating fosmid. Growth of the conditional
SUN mutant was measured by plaque assay in the presence and absence of
0.5 �M anhydrotetracycline (ATc). The area of plaques was quantified
using ImageJ v1.84 software.

Whole-genome sequencing and genetic complementation. The ts
mutant 13-136A8 and parental RH �hxgprt strain were grown at 34°C,
and genomic DNA was extracted using the DNeasy blood and tissue kit
(Qiagen GmbH, Hilden, Germany). Paired-end sequencing of the puri-
fied 13-136A8 and RH �hxg prt DNAs was performed at the Oklahoma
Medical Research Foundation sequencing facility on the Illumina HiSeq
2500 platform using the chemistry and protocol recommended by the
manufacturer (Illumina Inc., San Diego, CA). Coverages of 139 times (97
million reads) and 113 times (85 million reads), respectively, were
achieved for the 13-136A8 and RH strains. The sequences were first fil-
tered in PRINSEQ version 0.20.3 (43) to remove low-quality reads and
were mapped against the T. gondii GT1 reference genome (ToxoDB ver-
sion 9.0) using BWA short-read aligner version 0.7.2 (44). The single
nucleotide polymorphisms (SNPs) were identified using the Genome
Analysis tool kit (GATK) UnifiedGenotyper (45, 46). The SNPs detected
in the 13-136A8 mutant were compared with SNPs in wild-type RH to
identify the SNPs specific to the mutant. These SNPs were also manually
verified by visualizing the alignment files in the Integrated Genome
Viewer (IGV) tool (47).

Genetic complementation of the ts mutant 13-136A8 was performed
using the pooled fosmid sets covering the SNPs identified by the whole-
genome sequence comparison. In preliminary experiments, we measured
the spontaneous frequency of temperature resistance in the 13-136A8
mutant to be well below 10�7. In our complementation tests, we thus

scored sustained growth at the restricted temperature of 40°C as a positive
rescue. Differences between the abilities of fosmids to complement were
readily observable as growth after transfection or a lack thereof. First, a
complete set of six fosmids followed by two sets of three fosmids each were
tested for complementation of the ts mutant 13-136A8. Finally, individual
fosmids from the complemented set were used to confirm complementa-
tion and growth of the mutant at 40°C.

Fluorescence microscopy. For immunofluorescence assays, HFF were
grown on coverslips and infected with parasites. After 24 h of infection,
coverslips were fixed with 4% paraformaldehyde, permeabilized with
0.25% Triton X-100 in phosphate-buffered saline (PBS), and blocked
overnight in 4% bovine serum albumin (BSA) in PBS. Primary antibodies
used were rat anti-HA (clone 3F10; Roche Applied Science, IN; 1:200
dilution), mouse monoclonal antifibrillarin (17C12, a gift from Michael
Terns, University of Georgia; 1:1,000 dilution), mouse monoclonal anti-
Atrx1 (a gift from Peter Bradley, University of California, Los Angeles,
CA; 1:2,000 dilution), rabbit anti-MORN1 (kindly provided by Marc-Jan
Gubbels, Boston, MA; 1:2,000 dilution), and mouse and rabbit anti-IMC1
(kindly provided by Gary Ward, University of Vermont, VT; 1:2,000 di-
lution). Secondary antibodies used were Alexa Fluor 488-, 546-, and 594-
conjugated antibodies (Molecular Probes, Life Technologies, NY) at a
dilution of 1:200. Images were collected on an Applied Precision Delta
Vision inverted epifluorescence microscope using an Olympus UPlans
APO 100�/1.40 oil lens and on a Carl Zeiss Axio Observer.Z1 inverted
microscope with a Plan-Apochromat 100�/1.40 oil differential interfer-
ence contrast (DIC) lens, deconvolved, and adjusted for contrast using
SoftWoRx and AxioVs40 v4.8.1.0, respectively.

Western blotting. Parasites were harvested, filtered, counted, washed
with PBS, and pelleted by centrifugation. Parasites were suspended in lysis
and loading buffer, heated to 100°C for 3 min, and run on a 4 to 12%
Tris-glycine-SDS Mini-Protean precast gel (Bio-Rad, CA). Western blot-
ting was performed as previously described (48). Monoclonal rat anti-HA
tag (clone 3F10; Roche Applied Science, IN) and mouse anti-�-tubulin
(12G10, a gift of Jacek Gaertig, University of Georgia) antibodies were
used at 1:500 and 1:2,000 dilutions, respectively, to probe the blots. Horse-
radish peroxidase (HRP)-conjugated anti-rat or anti-mouse secondary
antibody (Pierce, Thermo Scientific Inc., IL) was used at a 1:10,000 dilu-
tion and detected by chemiluminescence using the ECL Western blotting
substrate (Pierce, Thermo Scientific Inc., IL).
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