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CRISPR-Cas9-Mediated Genome Editing in Leishmania donovani
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ABSTRACT The prokaryotic CRISPR (clustered regularly interspaced short palindromic repeat)-Cas9, an RNA-guided endonu-
clease, has been shown to mediate efficient genome editing in a wide variety of organisms. In the present study, the CRISPR-Cas9
system has been adapted to Leishmania donovani, a protozoan parasite that causes fatal human visceral leishmaniasis. We intro-
duced the Cas9 nuclease into L. donovani and generated guide RNA (gRNA) expression vectors by using the L. donovani rRNA
promoter and the hepatitis delta virus (HDV) ribozyme. It is demonstrated within that L. donovani mainly used homology-
directed repair (HDR) and microhomology-mediated end joining (MME]) to repair the Cas9 nuclease-created double-strand
DNA break (DSB). The nonhomologous end-joining (NHE]) pathway appears to be absent in L. donovani. With this CRISPR-
Cas9 system, it was possible to generate knockouts without selection by insertion of an oligonucleotide donor with stop codons
and 25-nucleotide homology arms into the Cas9 cleavage site. Likewise, we disrupted and precisely tagged endogenous genes by
inserting a bleomycin drug selection marker and GFP gene into the Cas9 cleavage site. With the use of Hammerhead and HDV
ribozymes, a double-gRNA expression vector that further improved gene-targeting efficiency was developed, and it was used to
make precise deletion of the 3-kb miltefosine transporter gene (LdMT). In addition, this study identified a novel single point mu-
tation caused by CRISPR-Cas9 in LAMT (M381T) that led to miltefosine resistance, a concern for the only available oral antil-
eishmanial drug. Together, these results demonstrate that the CRISPR-Cas9 system represents an effective genome engineering
tool for L. donovani.

IMPORTANCE Leishmania donovani is the causative agent of fatal visceral leishmaniasis. To understand Leishmania infection
and pathogenesis and identify new drug targets for control of leishmaniasis, more-efficient ways to manipulate this parasite ge-
nome are required. In this study, we have implemented CRISPR-Cas9 genome-editing technology in L. donovani. Both single-
and dual-gRNA expression vectors were developed using a strong RNA polymerase I promoter and ribozymes. With this system,
it was possible to generate loss-of-function insertion and deletion mutations and introduce drug selection markers and the GFP
sequence precisely into the L. donovani genome. These methods greatly improved the ability to manipulate this parasite genome
and will help pave the way for high-throughput functional analysis of Leishmania genes. This study further revealed that double-

stranded DNA breaks created by CRISPR-Cas9 were repaired by the homology-directed repair (HDR) pathway and

microhomology-mediated end joining (MME]) in Leishmania.
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he CRISPR (clustered regularly interspaced short palindromic

repeat)-Cas9, a prokaryotic immune system derived from
Streptococcus pyogenes is an RNA-guided endonuclease which has
been shown to facilitate site-specific DNA cleavage in diverse or-
ganisms ranging from yeast to mammalian cells (1-3). The two
key components of the CRISPR-Cas9 system are the Cas9 nuclease
and a guide RNA (gRNA) that directs this nuclease to its specific
DNA target. The gRNA consists of a 20-nucleotide (nt) guide (also
known as protospacer) sequence, followed by an 82-nt chimeric
sequence derived from the CRISPR RNA (crRNA) and the trans-
activating RNAs (tracrRNAs) of the bacterial system. The 20-nt
guide is complementary to the target DNA sequence which is fol-
lowed by the triple nucleotides NGG known as the protospacer-
adjacent motif (PAM). The 3’ portion of the gRNA (82-nt chime-
ric sequence) and the Cas9 nuclease form an RNA-protein
complex that is required for Cas9 nuclease activities (4—6). The
gRNA guides the Cas9 nuclease to the specific DNA target site, and
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subsequently Cas9 generates double-stranded breaks in the target
DNA 3 bp upstream of the PAM site. In mammalian cells, double-
stranded breaks introduced by Cas9 are repaired by the cellular
machinery either through homologous recombination or the
nonhomologous end-joining (NHE]) pathway. DNA sequences
homologous to the Cas9-targeted locus can be concurrently intro-
duced to generate desired mutations and to insert epitope tags (5,
7-9). NHE] in the targeted organism often leads to small deletions
and insertions, resulting in a frameshift of the targeted gene. Given
its simplicity and high efficiency, CRISPR-Cas9 has now been
used for genome engineering in a wide variety of organisms, in-
cluding human protozoan parasites Toxoplasma gondii, Plasmo-
dium falciparum, Trypanosoma cruzi, and Leishmania major (1-3,
10-14).

Leishmania protozoans are the causative agent of leishmania-
sis, one of the major human parasitic diseases (15, 16). The Leish-
mania genome contains about 8,000 genes, and the functions of
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most genes (hypothetical proteins) are still unknown (17). The
genomes of different Leishmania species and new clinical isolates
have been sequenced (18-20). However, due to the absence of an
RNA interference (RNAi) pathway in most of the Leishmania spe-
cies (21, 22), gene targeting in Leishmania mainly relies on homol-
ogous recombination with antibiotic selection markers, which is
labor intensive and time consuming, and it is difficult to introduce
specific mutations or epitope tags (23). A more efficient genome-
editing technology is therefore required to better understand
mechanisms involved with pathogenesis and to identify new drug
targets for the control of leishmaniasis.

In this study, the CRISPR-Cas9 system has been adapted for
use in Leishmania donovani. The RNA-guided Cas9 nuclease gen-
erated knockouts (deletions or insertions) with or without selec-
tion, and it was capable of introducing mutations, selection mark-
ers, and a green fluorescent protein (GFP) tag precisely into the
L. donovani genome. These methods will streamline the functional
analysis of Leishmania genes and pave the way for high-
throughput engineering of the Leishmania genome (24, 25).

RESULTS

Expression of CRISPR-Cas9 in L. donovani and generation of
gRNA expression vector constructs. Two-vector systems were
adopted to introduce CRISPR-Cas9 into L. donovani. For Cas9
expression, the Streptococcus pyogenes Cas9 nuclease with nuclear
localization signals at both termini from plasmid pX330 (Add-
gene) was cloned into the Leishmania expression vector pLPhyg
(LP stands for Leishmania promastigotes, and hyg stands for hy-
gromycin) (5, 26) (Fig. 1A). L. donovani promastigotes transfected
with pLPhygCas9 were selected and cultured in hygromycin-
containing medium to generate a cell line that constitutively ex-
presses Cas9 nuclease. The Cas9-expressing L. donovani cells pro-
liferate as well as control plasmid pLPhyg-transfected cells do
(data not shown). So far, RNA polymerase III promoters such as
the human U6 promoter have been used in mammalian cells and
other organisms to drive gRNA expression due to its precise ini-
tiation and termination of transcription. However, the L. don-
ovani RNA polymerase III U6 promoter has not been character-
ized (27). We therefore explored whether the L. donovani
ribosome RNA promoter (rRNAP, an RNA polymerase I pro-
moter) could be used to drive gRNA expression in Leishmania
(Fig. 1A; see Fig. S1 in the supplemental material). L. donovani
rRNAP initiates transcription at the defined T-residue site. How-
ever, the sequence signals required for rRNAP transcription ter-
mination are not well defined (28, 29). As ribozymes are self-
processing at specific cleavage sites and have been used to produce
the correct size of gRNA in yeast (30, 31), we placed the 68-bp
hepatitis delta virus (HDV) ribozyme sequence immediately after
the gRNA coding sequence to ensure the precise termination of
gRNA in Leishmania (Fig. 1, pSPneogRNAH [neo stands for neo-
mycin]; see Fig. S1 in the supplemental material). For compari-
son, we also created a gRNA expression vector (pSPneogRNA
[Fig. 1A and Fig. S2]) without the HDV ribozyme sequence that
contained a 262-bp nonspecific DNA fragment (derived from the
pX330 plasmid together with gRNA coding sequence) inserted
between the gRNA coding sequence and the downstream pyrim-
idine track which provides the trans-splicing signal for the neo-
mycin resistance gene (32). Since polyadenylation usually occurs
200 to 500 bp upstream of the trans-splicing site (33), the gRNA

2 mBio mbio.asm.org

Cas9
pLPhygCas9

|A2-IGS HYG |]

pSPneogRNA

E3 Guide a PAM
GTCCAGGCGCAGTGGATGCGGG

b LAMT 3294 bp----=--=--=-=-

gRNAa 5’ UGUCCAGGCGCAGUGGAUGCGUUUUA. . .3’
C 1

. B pSPneogRNA

X 12

1 B pSPneogRNAH

§ 10 A

3 8 -

[ =

©

2 67

1%}

2 4

r

S 2

0 |
2 4 6

Weeks post transfection

FIG 1 Introducing CRISPR-Cas9 into L. donovani. (A) Vectors used to ex-
press Cas9 and gRNA in L. donovani. The A2 intergenic sequence (A2-1GS),
L. donovani rRNA promoter (rRNAP), and HDV ribozyme (H) are indicated.
The small solid black box in the pSPneogRNAH and pSPneogRNA vectors
represents the 92-bp pyrimidine track. The schematic is not drawn to scale. (B)
Schematic of gRNAa and its guide sequence for targeting the LAMT gene. The
first nucleotide U of gRNAa is highlighted (red) as L. donovani rRNAP initiates
transcription at the T-residue site. (C) Coexpression of Cas9 and gRNAa in
L. donovani resulted in MLF resistance. The MLF resistance rate was deter-
mined by limiting dilution as detailed in Materials and Methods. The values
are averages from three independent experiments.

expressed in the pSPneogRNA vector can be longer or shorter
than 102 nt and may contain a poly(A) tail.

To test whether these Cas9 and gRNA expression plasmids can
function as predicted in Leishmania, we chose to target the L. don-
ovani miltefosine transporter gene (LdMT) since a single point
mutation in LdMT resulted in drug resistance to miltefosine
(MLF) (34). As shown in Fig. 1B, a gRNA-targeting site was cho-
sen near the N-terminal third of the coding sequence to ensure
efficient inactivation of LAMT. The 19-bp guide sequence (guide
a) was cloned into the pSPneogRNAH and pSPneogRNA vectors,
respectively. The resulting gRNAa constructs were electroporated
into the pLPhygCas9-containing L. donovani promastigotes, and
the dual-drug-resistant cells were selected with hygromycin and
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CGCTACTTGAGTTACTTCATTTTGCTGAGCTACTGCGTGCCCATCTCGCTGTT
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Guide a - 1153
B gRNA gRNA MLF resistance rate (%)
score 1 week 4 week 6 week
gRNAa 0.055 0.32-0.64 3.2-64 12.8-25.6
gRNAb  0.2455  0.01-0.02 0.4-0.8 1.6-3.2
gRNAc 0.7168 <0.005 0.05-0.2 0.64-1.6

Weeks of culture at 27°C post transfection

gRNAa 5’- UGUCCAGGCGCAGUGGAUGCGUUUUA...- 3’
WT 1111 GAAGTGTGCAAAGTGGTCCAGGCGCAGTGGATGCGGGTGGACTGCCTCATGATGGAGTAC 1170
M1 1111 GAAGTGTGCAAAGTGGTCCAGGCGCAGTGGACGCGGGTGGACTGCCTCATGATGGAGTAC 1170
D10 1111 GAAGTGTGCAAAGTGGTCCAGGCGCA-=———-———= GTGGACTGCCTCATGATGGAGTAC 1170
D1881 1111 GAAGTGTGCAAAGTGGTCCAGGCGCAGTGGA-1873bp--GCAGTGGCTGCAGGTGTTTG 3034
D330 863 AACCGCCAAAGTCGTCGAACCTC--256bp-|-55bp--GCCGAACACGTCGAACCTCAAC 1218
D1319 375 GGACATCAAGCGACATCAGGCCG--744bp--565bp—-CATCAGGCCGCAGCTGAGCCG 1727
D1437 500 ACGGCGAGGAGGTGCGCGCCGAT--619bp—-806bp--GGTGC-CACCGCTATCGAGGA 1967
D1438 500 ACGGCGAGGAGGTGCGCGCCGAT--619bp--806bp--GGTGC-CACCGCTATCGAGGA 1967
gRNAb 5’ -UCGCAAGAACGUAACUCUGUGGUUUUA...- 3’
D1581 1006 TTCTTTATCAGCTTCGCAAGAACGZAAETCﬂ—l559bp——AGCTTCCACAAGAACAZTAE 2615
gRNAc 3’ ...AUUUUGGGCGAAGAAAUAGUCGAAAGU- 5’
D1438 500 ACGGCGAGGAGGTGCGCGCCGAT--482bp--943bp--GGTGC-CACCGCTATCGAGGA 1967
D330 863 AACCESEA&&GTCGTCGAACCTC——1l9bp1—l92bp—gggGééCACGTCGAACCTCAAC 1218

Dbt

W

D10 1111 GAAGTGTGCAAAGTGGTCCAGGCGCAGTGGACTGCCTCATGATGGAGTAC 1170

FIG2 The Cas9-created DSBs in the MLF-resistant cells were partially repaired by MME]J. (A) Schematic of the LdAM T locus showing the locations of three guide
sequences for gRNAa, gRNAD, and gRNAc. The primers used to check the mutations caused by CRISPR-Cas9 are indicated above the schematic. (B) Comparison
of MLF resistance rates of L. donovani cells targeted by gRNAa, gRNAb, and gRNAc as determined by the limiting dilution assay. The MLF resistance rates are
shown as ranges from three independent experiments. (C) Sequences showing deletions caused by Cas9 and MME]. The red arrowhead and vertical line indicate
putative Cas9 cleavage sites; the microhomologous sequences are underlined. Except for M1 (the red base C represents the mutation from T to C), all red bases
and dashes represent deletions; the sizes of deletions flanking the cleavage sites are also indicated. (D) PCR analysis showing deletions caused by Cas9 cleavage
and MME]J. (Left) Lane 1, 1-kb DNA ladder; lanes 2 and 3 showing the L3R3 primer pair PCR products of wild-type (WT) L. donovani cells (lane 2) and
L. donovani cells transfected with pSPneogRNAa (pooled) (lane 3). (Right) lane 1, 1-kb DNA ladder; lanes 2, the L3R3 primer pair PCR products of L. donovani
cells transfected with pSPneogRNAaH (pooled). Note that several smaller PCR products resulting from deletion were seen in these gRNAa-targeted cells. (E)

Chromatogram showing D10 deletion caused by gRNAa targeting.

G418. If the Cas9 nuclease and gRNAa were properly expressed in
these transfectants, and the Cas9 nuclease was able to form a com-
plex with the gRNAa to target the LdMT site resulting in muta-
tions, these Leishmania cells would display resistance to MLF. In-
deed, MLF-resistant cells were obtained (sequencing confirmed
that the LAM T-targeting site was mutated [see below]) from both
gRNA expression vectors, though the MLF resistance rate (the
percentage of Leishmania cells surviving after MLF treatment) was
higher for the gRNA construct containing the HDV ribozyme
(Fig. 1C). Since both alleles of the LAMT gene need to be mutated
to display MLF resistance, MLF resistance rates in this study are
equivalent to the double allelic mutation frequencies of the LAM T
gene. The inactivation mutations caused by CRISPR-Cas9 accu-
mulated with time, the MLF resistance rate increased from 0.5 to
12% for the pSPneogRNAH vector containing the HDV ribozyme
compared with 0.1 to 6% for the pSPneogRNA vector 6 weeks
posttransfection. No MLF-resistant cells were observed in non-
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transfected wild-type or control gRNA vector-transfected L. don-
ovani cells.

The double-strand DNA breaks generated by Cas9 are par-
tially repaired by microhomology-mediated end joining; the
nonhomologous end-joining pathway appears to be absent in
L. donovani. Doench et al. have identified sequence features that
may improve gRNA activity after evaluations of thousands of
gRNAs in mammalian cells (human and mouse) and developed a
web-based tool to predict gRNA activity with a score ranging from
0 to 1 (35). Interestingly, according to this gRNA designer tool,
our very first gRNA (gRNAa) described above had a score of only
0.055 and was among the least active of all gRNAs available from
the sense and antisense sequences of the complete LAMT open
reading frame. We therefore designed two additional gRNAs near
the first gGRNAa-targeting site with a score of 0.245 for gRNAb and
ascore of 0.717 for gRNAc (Fig. 2A), and they were cloned into the
pSPneogRNAH vector. In contrast to gRNAa, gRNAc was ranked
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by the tool to be one of the most active gRNAs. However, although
the MLF-resistant cells were observed in L. donovani cells express-
ing gRNADb or gRNAg, the resistance rates were not improved
compared with the resistance rate for cells expressing gRNAa
(Fig. 2B). This suggests that either this gRNA designer tool is not
appropriate for Leishmania or an alternative and more sensitive
method is required to measure gRNA activity in Leishmania.

Double-strand DNA breaks (DSBs) created by Cas9 in mam-
malian DNA are mainly repaired by the indel-forming nonho-
mologous end-joining (NHE]) pathway, resulting in inactivation
of the targeted gene. To examine the types of mutations created by
CRISPR-Cas9 in the LdMT-targeting sites, we extracted genomic
DNA from these MLF-resistant cells (pooled or individually
cloned). PCRs were performed with primers of various distances
flanking these targeting sites (Fig. 2A; see Fig. S3 in the supple-
mental material), followed by DNA sequencing analysis. If the
NHE] pathway is present in L. donovani, we would expect to see
small (1- to 30-bp) insertions and deletions near the Cas9 cleavage
sites. Surprisingly, as shown in Fig. 2C, we observed only one point
mutation (M1 [Fig. 2C]) and deletions, but no insertion in the
LdMT genes from these gRNA-targeted MLF-resistant cells. For
gRNAa-targeted cells, nearly a third of the clones sequenced had a
T-to-C point mutation (M1) at the expected Cas9 cleavage site,
which resulted in a single amino acid change from methionine to
threonine (M381T) for LAMT. Alignments show that methionine
in this position is highly conserved in all phospholipid-
transporting ATPase 1-like proteins aligned (Fig. S4). Like M, the
only other substitute amino acid found in this position (isoleucine
[I]) is hydrophobic, in contrast to the nucleophilic threonine. This
provides an additional example that a single amino acid mutation
can impair LAMT transport function (34). Another third of the
clones sequenced all had the same 10-bp deletion surrounding the
expected Cas9 cleavage site which caused a frameshift (Fig. 2C,
D10). Half of the remaining clones from the gRNAa-targeted cells
had a 330-bp deletion surrounding the gRNAa/Cas9 cleavage site
(—275 to +55 bp). We also detected four large deletions ranging
from 1,319 bp to 1,881 bp from gRNAa-transfected cells. An ex-
ample of agarose gel electrophoresis showing deletion PCR prod-
ucts from a pooled Leishmania population caused by gRNAa tar-
geting is shown in Fig. 2D. We identified two sizes of deletions
from gRNAc-targeted cells: the 330-bp deletion (—119 to +211)
and 1,438-bp deletion (—495 to +943) which are similar to dele-
tions detected in gRNAa-transfected cells and one large 1,581-bp
deletion (—22 to +1559) from gRNAb-targeted cells (Fig. 2C). No
point mutations from gRNADb- or gRNAc-targeted cells were de-
tected. From the limited number of individual clones examined,
only one type of mutation was detected from each single clone,
suggesting that most MLF-resistant cells had the same mutation in
both alleles. This also demonstrates that the LAMT gene is not
essential for Leishmania.

When inspecting the deletions more closely (Fig. 2C; also see
Fig. 7D), we noticed that all sequences deleted (large or small)
were flanked by two 5- to 21-bp microhomology sequences with
one microhomology sequence remained after deletion. This indi-
cated that the DSBs generated by CRISPR-Cas9 were at least par-
tially repaired by microhomology-mediated end joining (MME]J).
Interestingly, unlike gRNAb and gRNAc, there are two micro-
homology sequences (GTGGA [Fig. 2C, D10]) adjacent to the
gRNAa/Cas9 cleavage site. MME] efficiency is affected by the
proximity of microhomology sequences to the DSB site (36, 37),
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which may explain why gRNAa was more efficient at inactivating
the LAMT gene than gRNAb and gRNAc. As no small irregular
insertions and deletions were detected, this suggests that the NHE]
pathway is absent in L. donovani.

Insertion of a single-strand oligonucleotide donor into the
CRISPR-Cas9 site by homology-directed repair. The ability to
insert an oligonucleotide sequence into a specific genome site
would greatly improve genome editing such as creating point mu-
tations, adding epitope tags, and introducing stop codons or
frameshifts. To explore whether CRISPR-Cas9 would facilitate in-
sertion of a single-strand oligonucleotide sequence into the Leish-
mania genome, we designed a 61-nt oligonucleotide which con-
tained two homology sequence arms flanking the Cas9/gRNAa
cleavage site (25 nt each side) and an 11-nt stop codon cassette
(Fig. 3A). The oligonucleotide was electroporated into the Cas9/
gRNAa-expressing Leishmania cells, and the cells were allowed to
recover for 3 days before subjected to MLF selection. After the
Cas9/gRNAa-expressing cells were provided with this oligonucle-
otide stop codon cassette donor, the MLF resistance rates were
increased 2- to 6-fold compared with the rate for cells receiving no
oligonucleotide donor (an example shown in Fig. 3B). Sequencing
analysis of these MLF-resistant cells which had received the oligo-
nucleotide donor transfection confirmed that more than 90% of
the L-R primer pair (Fig. 2A; see Fig. S3 in the supplemental ma-
terial) PCR products had the stop codon cassette insert as planned
(Fig. 3). The fact that the L-R primer pair could miss larger dele-
tions resulting from MME] could explain why the rate of the stop
cassette insertion in the L-R PCR fragments was higher than the
actual increase in the MLF resistance rate. We also provided the
Cas9/gRNAc-expressing cells with the oligonucleotide stop cas-
sette donor specific for the gRNAc-targeting site. Similarly, we
observed that the MLF resistance rate for Cas9/gRNAc-expressing
cells increased 4-fold after receiving the oligonucleotide donor.
However, no MLF-resistant cells were observed in the Cas9-
expressing L. donovani cells lacking the specific gRNA after being
transfected with the oligonucleotide stop cassette donor, indicat-
ing that the DSB created by the Cas9/gRNA complex is essential
for the specific integration of an oligonucleotide donor (data not
shown). Homology-directed repair (HDR) relies on the homol-
ogy sequence provided by another allele, repeated sequence, or the
single-strand oligonucleotide transfected (9, 38). The high inser-
tion efficiency of these oligonucleotides into the specific Cas9
cleavage sites strongly indicates that DSBs are mainly repaired by
HDR in L. donovani and demonstrates the feasibility of this system
for generating knockouts and point mutations as well as adding
epitope tags.

Unlike mammalian cells, Leishmania promastigotes grow
faster and better at 27°C than 37°C. We reasoned that shifting the
Cas9 transfectant cultures from 27°C to 37°C might improve this
CRISPR-Cas9 system efficiency by increasing the Cas9 endonu-
clease activity and decreasing the cell duplication rate, which will
allow more time for the Cas9/gRNA complex to scan and identify
the targeting sequence in the genome. Indeed, after the CRISPR-
Cas9 transfectant culture was shifted from 27°C to 37°C for 4 days,
the MLF resistance rate was increased 2- to 4-fold (an example
shown in Fig. 3B). Besides the temperature shift, the MLF resis-
tance rates also increased with prolonged culture time posttrans-
fection, which was likely due to accumulation of CRISPR-Cas9-
mediated mutation. Taken together, the combination of a donor
sequence, temperature shift, and extended culture time can fur-
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FIG 3 Efficient and precise insertion of a single-strand oligonucleotide donor into the Cas9 cleavage site of the LAMT gene by HDR. (A) Insertion strategy by
Cas9 cleavage and HDR showing the LAMT locus containing the gRNAa-targeting site, the 61-nt single-strand oligonucleotide donor with stop codons, and a
chromatogram showing precise insertion of the oligonucleotide donor into the Cas9 cleavage site by HDR. The number of times a sequence was obtained after
analyzing the donor-transfected cells is shown in parentheses after each sequence. (B) Oligonucleotide donor with stop codons and culture at 37°C significantly
increased the MLF resistance rates of gRNAa-targeted L. donovani cells. The data shown are representative of the data from three independent experiments. The
MLEF resistance rates after oligonucleotide donor transfection and/or 4 days of 37°C treatment were determined in 96-well plates by limiting dilution culture at

27°C for 2 to 4 weeks (see Materials and Methods for details).

ther increase the efficiency of this CRISPR-Cas9 system, making it
feasible to generate targeted gene disruption or other mutants
without the need for drug selection.

Precise insertion of a drug selection marker and GFP taginto
endogenous genes. With 10 to 50% efficiency, specific mutants
generated by this CRISPR-Cas9 system can be isolated in the ab-
sence of drug selection by cloning without significant difficulty.
Nevertheless, it would be advantageous if the knockouts created
for other genes can be isolated by rapid selection with a drug
marker as was done above for the LAMT gene. Toward this end, we
attempted to generate knockouts for the nonessential
Ldbpk_241510.1 gene (a multidrug resistance protein-like gene)
(39) by inserting a bleomycin resistance gene expression cassette
into the Cas9 cleavage site. The gRNA-targeting site in the
Ldbpk_241510.1 gene is as shown in Fig. 4A (see Fig. S5 in the
supplemental material). The ble expression cassette (534 bp [Fig.
S6]) with a pyrimidine track upstream of the ble gene was PCR
amplified with a primer pair which had atits 5" end a 25-nt 5" or 3’
homology flanking sequence of the expected Cas9 cleavage site,
respectively, to allow for HDR. Three days after transfection of the
PCR product (584 bp) into the gRNALd241510-expressing cells,
the cells were subjected to bleomycin selection. About 0.0025 to
0.005% gRNALd241510-expressing cells became bleomycin resis-
tant after receiving the ble expression cassette donor fragment.
PCR and sequencing analysis of these bleomycin-resistant cells
confirmed that the ble expression cassette was inserted into the
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gRNALd241510-targeting site as planned (Fig. 4A). PCR analysis
of two bleomycin-resistant cell clones revealed that both alleles of
the Ldbpk_241510.1 gene were disrupted by the ble expression
cassette, since only the 1,315-bp (781 plus 534) Ble inserting band
but no 781-bp band from the wild-type allele was detected
(Fig. 4B). This also confirmed our previous observation that the
Ldbpk_241510.1 gene is not essential for Leishmania (39).

To investigate whether this CRISPR-Cas9 system was able to
inactivate essential Leishmania genes, we also used the above ap-
proach to target the essential L. donovani TOR1 gene
Ldbpk_366580.1 (40) (Fig. 5A; see Fig. S7 in the supplemental
material). Interestingly, while we were able to obtain bleomycin-
resistant cells (resistance rate, 0.02 to 0.04%) from
gRNALd366580- and Ble donor-transfected L. donovani cells,
these cells grew 40 to 50% slower than gRNALd241510- and Ble
donor-transfected cells from the previous experiment. This was
likely because gRNALd366580/Cas9 was continually attacking the
remaining TORI gene allele (Fig. 5B). Furthermore, half of these
10 gRNALd366580-transfected bleomycin-resistant cell clones
that were initially isolated died out after continuous culture for
2 weeks. PCR analysis of the remaining five clones that survived
revealed that although the ble expression cassette had disrupted
one allele of the LdATORI gene, the other allele was still intact
(Fig. 5C). This verified that this CRISPR-Cas9 system was able to
partially inactivate essential Leishmania genes and further con-
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A 3’ -...AUUUUGACCGACGUCUUGCUGUGGU-5" gRNALd241510 B
bp

8592 v 6058
LdBPK  GGATCCTGCGCCTACTGTGCCGAGGTGCCTTGGCTGCAGAACGACACCATCCGCGCCAACATCGTGC

241510 CCTAGGACGCGGATGACACGGCTCCACGGAACCGACGTCTTGCTGTGGTAGGCGCGGTTGTAGCACG 1315

781

CGCCTACTGTGCCGAGGTGCCTTGGATCTTCAT-B1e-AGGACTGATGCAGAACGACACCATCCGCGCCAA
GCGGATGACACGGCTCCACGGAACCTAGAAGTA-Ble-TCCTGACTACGTCTTGCTGTGGTAGGCGCGGTT
Ble donor PCR product 584 bp 1 2 3

A gl

GGATCCTGCGCCTACTGTGCCGAGGTGCCTTGGATCTTCAT-Ble-AGGACTGATGCAGAACGACACCATCCGCGCCAACATCGTGC
CCTAGGACGCGGATGACACGGCTCCACGGAACCTAGAAGTA-Ble-TCCTGACTACGTCTTGCTGTGGTAGGCGCGGTTGTAGCACG

Insertion of 534 bp Ble expression cassette

FIG 4 Precise insertion of the Ble expression cassette into the Cas9 cleavage site of an endogenous gene. (A) Insertion strategy by Cas9 cleavage and HDR
showing the Ldbpk_241510.1 gene locus containing the gRNALd241510-targeting site, the double-strand DNA donor (PCR product) containing the 534-bp Ble
gene expression cassette flanked by 25-bp homologous arms, and the chromatogram showing precise insertion of the Ble expression cassette into the Cas9
cleavage site by HDR. (B) PCR analysis showing that the 1,315-bp PCR product containing the Ble expression cassette, but not the 781-bp wild-type allele PCR
product, was detected from two L. donovani bleomycin resistance clones. Lane 1, wild-type L. donovani cells; lanes 2 and 3, bleomycin-resistant clones 1 and 2.

firmed the ability to specifically target genes with a drug selection  localization of its protein product, especially for genes difficult to
marker. isolate due to their large size or repeated sequences. The LAMT

The ability to tag an endogenous gene with GFP can be very  gene is a single-copy gene encoding a membrane protein with a
useful to help determine the expression level of a gene and cellular  low level of expression (34). As a proof of principle, we attempted

A

LdBPK_ 1983 CCCCGCCCTGCACGACCACCACCAGAACCGCATvCGCAGCCGTTCGTCTCCTAGGCCGCCTTTCCAG 2048
366580 GGGGCGGGACGTGCTGGTGGTGGTCTTGGCGTMCGTCGGCAAGCAGAGGATCCGGCGGARAGGTC

3’ -...AUUUUGGUAGCGUCGGCAAGCAGAGGAU-5" gRNALA366580

TGCACGACCACCACCAGAACCGCATCTTCAT-Ble-AGGACTGACGCAGCCGTTCGTCTCCTAGGCCGC
ACGTGCTGGTGGTGGTCTTGGCGTAGAAGTA-B1e-TCCTGACTGCGTCGGCAAGCAGAGGATCCGGCG
Ble donor PCR product 582 bp

CCCCGCCCTGCACGACCACCACCAGAACCGCATCTTCAT-B1e-AGGACTGACGCAGCCGTTCGTCTCCTAGGCCGCCTTTCCAG
GGGGCGGGACGTGCTGGTGGTGGTCTTGGCGTAGAAGTA-Ble-TCCTGACTGCGTCGGCARAGCAGAGGATCCGGCGGARAGGTC
Insertion of 534 bp Ble expression cassette

40 1 _o—1d366580+Ble

——-1d241510+Ble

Parasites(x10°) per ml

0 1 2 3 4
Days of culture

FIG 5 Insertion of the Ble expression cassette into an essential gene using this Cas9/gRNA system. (A) Insertion strategy by Cas9 cleavage and HDR, showing
the Ldbpk_366580.1 gene locus containing the gRNALd366580-targeting site, the double-strand DNA donor (PCR product) containing the 534-bp Ble gene
expression cassette flanked by 25-bp homologous arms, and the expected insertion of the Ble expression cassette into the Cas9 cleavage site by HDR. (B) Growth
curves of L. donovani cells targeted by the gRNALA366580/ble or gRNALA241510/ble donor in culture medium containing hygromycin, G418, and phleomycin.
The data shown represent averages from three independent experiments. (C) PCR analysis showing both the PCR products (1,051 bp or slightly larger)
containing the Ble expression cassette and the 517-bp wild-type allele PCR product were detected from pooled L. donovani bleomycin-resistant cells (before
cloning) and five L. donovani bleomycin-resistant clones, confirming that the Ldbpk_366580.1 gene is essential for Leishmania. From left to right, the lanes
contain 1-kb DNA ladder, wild-type (WT) L. donovani, pooled bleomycin-resistant cells, and bleomycin-resistant clones 1 to 5.
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gRNAa 5’- UGUCCAGGCGCAGUGGAUGCGUUUUA...- 3’

v
LdMT 1110 TTGAAGTGTGCAAAGTGGTCCAGGCGCAGTGGATGCGGGTGGACTGCCTCATGATGGAGTACATG 1174

AACTTCACACGTTTCACCAGGTCCGCGTCACCYACGCCCACCTGACGGAGTACTACCTCATGTAC

TGCAAAGTGGTCCAGGCGCAGTGGATG-—-—-GFP-——-TAATGCGGGTGGACTGCCTCATGATGGA
ACGTTTCACCAGGTCCGCGTCACCTAC-—-GFP-——ATTACGCCCACCTGACGGAGTACTACCT
GFP donor PCR product720 bp

\

TTGAAGTGTGCAAAGTGGTCCAGGCGCAGTGGATG---GFP-——TAATGCGGGTGGACTGCCTCATGATGGAGTACATG
AACTTCACACGTTTCACCAGGTCCGCGTCACCTAC---GFP---ATTACGCCCACCTGACGGAGTACTACCTCATGTAC

Insertion of 720 bp GFP in frame

Sequencing

\ N
confirmation TTGAAGTGTGCAAAGTGGTCCAGGCGCAGTGGATGGTGAGCAA———
FE V C K vV v 0 A QO W M V S K
LAMT-GFP fusion

Specimen_001-Sample

LI I B N O
50 100 160 200 260
FSC-A (x 1,000)

FIG 6 Tagging GFP into LAMT using this Cas9/gRNA system. (A) Tagging strategy by Cas9 cleavage and HDR, showing the LAMT gene locus containing the
gRNAa-targeting site, the double-strand DNA donor (PCR product) containing the 720-bp eGFP gene tag (in frame) flanked by 25-bp homologous arms, and
chromatogram showing the precise tagging of the eGFP gene into the LAMT gene by HDR. (B) FACS analysis showing nearly 1% of the MLF-resistant cells had
some low level of green fluorescence. FSC, forward scatter. (C) Live images of MLF-resistant promastigotes with green fluorescence by confocal microscopy

(merged with differential interference contrast [DIC] image).

to tag the N-terminal portion (381 amino acids) of the LAMT
protein with GFP using the same approach as inserting the ble
expression cassette (Fig. 6; see Fig. S8 in the supplemental mate-
rial). The gRNAa/Cas9-expressing cells were electroporated with a
GFP donor PCR product and subjected to MLF selection. As
shown in Fig. 6B, nearly 1% of the MLF-resistant cells showed
some low level of green fluorescence by fluorescence-activated cell
sorting (FACS) analysis. Confocal microscopy revealed that while
the majority of the sorted MLF-resistant cells showed only faint
green fluorescence, about a quarter of the cells displayed fairly
bright green fluorescence, which indicated that the truncated
LdMT-GFP fusion protein had relocated from the plasma mem-
brane to inside the cell somewhere around the nucleus (Fig. 6C).
PCR and sequencing analysis of these sorted cells confirmed that
the N-terminal portion of the LAMT protein was correctly fused
with GFP as planned (Fig. 6A). This demonstrates that this

July/August 2015 Volume 6 Issue 4 e00861-15

CRISPR-Cas9 system can be used to tag GFP precisely to an en-
dogenous gene.

Whole-gene deletion with two gRNA sequences expressed
from a single vector. In mammalian cells, it has been shown that
two or more gRNAs simultaneously expressed in the cell can be
used to inactivate several target genes, to completely block a path-
way, to delete a large gene cluster, and to improve the gene inac-
tivation efficiency (5, 41-45). Likewise, it would require two
gRNAs expressed simultaneously in Leishmania if complete dele-
tion of an entire gene is preferred such as for generating a live
attenuated vaccine strain. However, unlike mammalian cells, it is
difficult to cotransfect two plasmids together into a Leishmania
cell because of the low transfection efficiency (21). Therefore, we
generated a vector that can express two gRNAs simultaneously in
Leishmania by further exploiting the utility of ribozymes (Fig. 7A).
We first developed a gRNA expression vector termed pSPneoHH-
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A RNAP . XAR ToRNAaK A C

pSPneoHHgRNAaH

gRNA gRNA Expression MLEF resistance

Score  vector rate (%)

emlczb
pSPneogRNAH 0.64-1.6
pSPneoHHgRNAaH-TRNAP gRNAa 0055  pSPneoHHgRNAH  0.02-0.08
HHgRNAH-rRNAp 0.005-0.02

"RNAP GRNADK HOER] JoRNAaK H O gRNAb 0.2455 pSPneogRNAH 0.02-0.04

gRNA b&a construct gRNAa&b Double gRNA 0.12-1.28
gRNAS’ 0.0064 pSPneogRNAH 0.16-0.64
gRNA5’&3’ Double gRNA 25.6-51.2
RNAP _ ) [oRNASK H SEH] [gRNASKTH gRNA3’ 0.1291 pSPneoHHgRNAH  N.D.
gRNA 5'&3’ construct Measured 2 weeks post transfection. N.D. Not detected.
B Guide 57 v Guide 3’
TGACGCGGGAAGCCTTGAGCTGG TGGTGGTGTCACTTGGGGAGGGCGG
LdMT
-960 1 1 3294  +480
o
@
o)
2
= 5
' 3
g g 7}
= = o
o 3
J ] 5F 3R
g > N <
| Q k Vv
| g
v e
5F 3R 5F —— 3R \4 5R 3R
- —» < % =+
N
< 646bp 646bp
Full deletions :
D3728 (1) -177 TCTGTGTGCGTCTGACGCGGGAAGCCTTGH-3571bp-—|--133bp--GTGCGCCTGCCTGGCT +278
D3728(2) -177 TCTGTGTGCGTCTGACGCGGGAAGCCTTGH-3571bp-—|--133bp--GTGCGCCTGCCTGGCT +278
D3873 -177 TCTGTGTGCGTCTGACGCGGGAAGCCTTGH-3571bp-—---276bp--TGTGTGTGTCTACCTC +421
Partial deletion caused by gRNAS5’alone in gRNA5'&3’ double targeting:
D3280 -177 TCTGTGTGCGTCTGACGCGGGAAGCCTTGl-3272bp—AAGCCTTCGATCTCATGTCGACCGCC 3150
Partial deletion caused by gRNA5’alone targeting :
D1476 -744 TGGCGAGGA-CGCGTCTCTCTC-575bp--880bp--TGGCGAGGAGCACG-CTCTCTCGCTGA 757
Inversion:

Before end joining -127 GAGACGGAGCGGGAGGCCAGCT| -148 +130 |GGGCGGAGCGTGGGCAGAGC +149
After end joining -107 ACAAAGAAAGGGAGGGAAGGGAGACGGAGCGTGGGCAGAGCATCGGGGAGAGA +161

Controlled deletion:
Before joining TTCTGTGTGCGTCTGACGCGGGAAGCCTTG)§7 @GGGCGGAGCGTGGGCAGAGCATCGGGGAGAG

SS Oligo donor 5/ TTCTGTGTGCGTCTGACGCGGGAAGCCTTGGGGCGGAGCGTGGGCAGAGCATCGGGGAGAG 3

| {H i ; ﬁ ,‘ ﬁ\ ! M ‘ﬂ\ |
L

After joining GGTGTTTCTGTGTGCGTCTGACGCGGGAAGCCTTGGGGGCGGAGCGTGGGCAGAGCATCGGGGAGAGAAG
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gRNAH (HH stands for Hammerhead) in which a 43-bp Ham-
merhead ribozyme sequence was inserted between the rRNAP and
the gRNA coding sequence in the pSPneogRNAH vector (Fig. 7A;
see Fig. S9 in the supplemental material). The primary gRNA tran-
scripts transcribed in this vector will be flanked at its 5" end by the
Hammerhead ribozyme and at its 3’ end by the HDV ribozyme.
Similar to the HDV ribozyme which cleaves off from the 3’ end of
gRNA, the Hammerhead ribozyme is expected to self-cleave off
from the 5’ end of gRNA posttranscriptionally (30). We cloned
the LAMT gene gRNAa sequence into this double-ribozyme vector
to determine whether an active gRNA can be produced by this
vector (pSPneoHHgRNAaH). Since this double-ribozyme design
needs no defined transcription initiation, we also generated a vec-
tor (pSPneoHHgRNAaH-rRNAP) in which the rRNAP was re-
moved from pSPneoHHgRNAaH to further test the functionality
of the Hammerhead ribozyme (Fig. 7A). The MLF resistance assay
and sequencing analysis confirmed  that  both
pSPneoHHgRNAaH- and pSPneoHHgRNAaH-rRNAP-
transfected Leishmania cells produced functional gRNA, indicat-
ing that the Hammerhead and HDV ribozymes were self-cleaved
posttranscriptionally from the gRNA as expected. The additional
time needed to process the Hammerhead ribozyme posttranscrip-
tionally could have lowered the MLF resistance rate in cells trans-
fected with pSPneoHHgRNAaH compared with cells transfected
with pSPneogRNAaH (Fig. 7C). Meanwhile, cells transfected with
pSPneoHHgRNAaH-rRNAP had an even lower MLF resistance
rate likely because this vector relies on transcription by RNA poly-
merase I after removing the rRNA promoter (32). Knowing that
the Hammerhead ribozyme was self-processed from the gRNAa,
we inserted the fragment containing the rRNAP and gRNAbH
from pSPneogRNADH into the pSPneoHHgRNAaH-rRNAP vec-
tor in front of the HHgRNAaH coding sequence to generate a
double-gRNA expression vector (pSPneogRNAbH-HHgRNAaH)
(Fig. 7A). As shown in Fig. 7C, the percentage of MLF-resistant
cells was increased more than 4-fold in Leishmania cells trans-
fected with this double-gRNA expression vector compared with
cells transfected with pSPneogRNAbH or pSPneoHHgRNAaH
alone, suggesting that gRNAa and gRNAD were coexpressed and
properly processed from this double-gRNA expression vector.
We then tested whether the dual-gRNA expression vector
could be used to delete the complete LAMT gene from the L. don-
ovani genome. Two new gRNAs were designed from the sequences
flanking the 5’ and 3’ LdAMT gene, respectively, and cloned into
the double-gRNA expression vector (Fig. 7A and B). For compar-
ison, we also created single-gRNA expression vectors
pSPneogRNA5'H and pSPneoHHgRNA3'H. Leishmania cells
were then transfected with these vectors and subjected to MLF
selection. Not unexpectedly, a high percentage of Leishmania cells
transfected with the dual 5" and 3’ gRNA construct (gRNA5'&3")

CRISPR-Cas9 Genome Editing in Leishmania

developed resistance to MLF (25 to 50%) (Fig. 7C). PCR and
sequencing analysis identified at least two types of gene deletion
from the cells transfected with the dual-gRNA construct. A type 1
deletion was caused by gRNA5’'&3’ as planned and had the whole
LdMT gene together with the 5" and 3’ flanking sequences deleted,
and the two break sites were then joined by MMEJ (Fig. 7D). A
type 2 deletion was caused by the gRNA5" alone and had 149-bp 5’
flanking sequence and a large part of the LAMT coding sequence
(3,131 bp) deleted. The observation that gRNA5" alone was able to
cause MLF resistance was further confirmed by cells transfected
with plasmid pSPneogRNA5'H alone but with a much lower MLF
resistance rate (Fig. 7C). Again, sequencing of a PCR fragment
derived from these MLF-resistant cells expressing gRNA5" alone
showed that a large deletion had taken place, and the deletion
included 723-bp 5’ flanking sequence and 752-bp LAMT coding
sequence (Fig. 7D). Interestingly, we also detected a gene inver-
sion with PCR primers 5'R and 3'R (Fig. 7B and D; see Fig. S3 in
the supplemental material). Detection of this gene inversion event
suggests that a DNA fragment as large as 3.5 kb can be inserted
into the Cas9 cleavage site. However, no MLF-resistant cells were
observed from cells transfected with the gRNA3’ construct alone,
although large deletions resulting from MME] which affect the
upstream LAMT coding sequence could occur.

As described above, the size of the deletion caused by MME] is
often hard to predict and could affect the neighboring gene un-
translated region (UTR) and coding sequence. We therefore at-
tempted to have controlled gene deletion by providing the
gRNAS5'&3’-expressing cells with a 50-nt single-strand oligonu-
cleotide donor containing 25-base homologous 5’ flanking se-
quence of the gRNA5' cleavage site and 25-base homologous 3’
flanking sequence of the gRNA3’ cleavage site. After transfection
of the oligonucleotide donor into the gRNA5'&3'-coexpressing
cells, we were able to generate the nearly exact 646-bp PCR prod-
uct with primers 5'F and 3'R, and sequencing confirmed that the
two break sites were joined directly by the oligonucleotide donor
as planned (Fig. 7B and D). This demonstrates the ability to delete
an entire gene precisely in Leishmania.

DISCUSSION

In contrast to mammalian cells that use the nonhomologous end-
joining (NHE]) pathway, double-strand DNA breaks (DSBs) cre-
ated by CRISPR-Cas9 in L. donovani were mainly repaired by
HDR and MME]. This is in agreement with the genome analysis of
trypanosomatids Trypanosoma cruzi, Trypanosoma brucei, and
Leishmania major which had suggested that the NHE] pathway is
absent in trypanosomatids, since several key factors such as DNA
ligase IV and XRCC4/Lifl were not identified in these organisms
(46). Our data are similar to what was observed in T. brucei where
nearly 85% of DSBs generated by I-Scel meganuclease were re-

FIG 7 Complete gene deletion with two gRNAs simultaneously expressed in L. donovani. (A) Single- and double-gRNA expression vectors containing
Hammerhead (HH) and HDV (H) ribozymes. (B) Schematic of gene deletion strategy showing the gRNA5’- and gRNA3'-targeting sites in the LAMT gene locus
and the gene deletion and inversion events detected after the double-gRNA targeting. The primers used to detect these genetic events are indicated below the
schematic. Note that after the oligonucleotide donor was provided to the cells, the exact 646-bp 5'F and 3'R PCR band was obtained, indicating that the LAMT
gene was precisely deleted as planned. (C) MLF resistance rates of L. donovani cells transfected with various single- and double-gRNA expression vectors. The
MLF resistance rates are shown as ranges from three independent experiments. (D) Sequences showing deletions and inversion caused by gRNA5' &3’ targeting.
Note that the deletion sequence caused by targeting gRNA5’ alone is also shown. The red vertical lines indicate putative Cas9 cleavage sites. The microhomolo-
gous sequences are underlined. The red bases and dashes indicate deletions. The sizes of deletions flanking the cleavage sites are also indicated. The sequence of
oligonucleotide donor used for controlled gene deletion and a chromatogram showing controlled deletion are included. SS Oligo donor, single-strand oligonu-

cleotide donor.
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paired by interchromosomal homologous recombination and the
remaining 15% were repaired by MME] and no NHE] was de-
tected (36, 37). Since NHE] appears to be absent in trypanosoma-
tids (13, 36, 37, 46), Leishmania must rely on HDR and MME] to
repair the DSB generated by Cas9. As Leishmania is a diploid or-
ganism and some of its chromosomes are triploid or quadraploid
(18-20), HDR of allelic recombination can be much more effi-
cient than MME]. HDR domination and the absence of NHE] for
DSB repair in Leishmania may account for the relatively low initial
gene inactivation frequency (caused by MME] alone) by this
CRISPR-Cas9 system. In other words, although the Cas9/gRNA
complex was continuously scanning and generating DNA breaks
in the specific genome sites, most of these DNA breaks were faith-
fully repaired by interallelic homologous recombination, and only
a small portion of these DNA breaks were repaired by MME],
resulting in deletion mutations. However, HDR domination for
DSB repair will facilitate targeted modification of genomes. As
demonstrated above, when the single-strand homology oligonu-
cleotide donors with stop codons were provided to the cell, the
MLE resistance rate or the LAMT gene inactivation frequency was
increased by 2- to 6-fold. The capability of integrating an oligonu-
cleotide donor into a specific genome site will also facilitate such
genome-editing tasks as creating point mutations and adding
epitope tags. HDR domination for DSB repair could also explain
why only one type of mutation was detected in these MLEF-
resistant clones, as theoretically, different alleles could be repaired
by MME] with different sizes of deletions. Based on a similar con-
cept, a CRISPR-Cas9-mediated mutagenic chain reaction method
for converting heterozygous mutations to homozygous mutations
has been recently reported (47).

MME]J is distinguished from the other repair mechanisms by
its use of 5- to 25-bp microhomologous sequences to align the
broken strands before joining. Since MME] is a more error-prone
method of repair and results in deletion mutations, it is used only
when the NHE] pathway is not available or disrupted (48-50). As
reported for T. brucei, the break proximity, microhomology
length, and GC content may affect MME] efficiency (36, 37); like-
wise, we observed that the small deletions (Fig. 2, D10 and D330)
accounted for more than half of all deletions detected in gRNAa-
expressing cells. It is not clear how the single point mutation arose
in the LdAMT gene from gRNAa-expressing cells (Fig. 2, M1). The
point mutation and short deletions together accounted for more
than 80% of all deletions detected in gRNAa-expressing cells, in-
dicating that close proximity of microhomologous sequences to
the DSB favors MME]J in Leishmania. Unlike for gRNAa, there
were no microhomologous sequences immediately adjacent to the
gRNADb or gRNAc Cas9 cleavage sites, which could explain why
gRNAa was more efficient than gRNADb and -c to inactivate the
LdMT gene, although the latter two gRNAs had higher activity
scores by the designer tool (35). Therefore, it is important to con-
sider the accessibility of microhomologous sequences surround-
ing the Cas9 cleavage site when designing a gRNA if a drug selec-
tion marker or an oligonucleotide donor is not going to be used
for gene inactivation in Leishmania (13). In addition, RAD51, a
DNA recombinase, has been shown to play a central role in ho-
mologous recombination during DSB repair in mammalian cells,
T. brucei, and Leishmania but is not involved in MME]J (36, 37, 50,
51). As HDR dominates DSB repair in Leishmania, it will be of
considerable interest to determine whether inhibition of the HDR
pathway by disrupting L. donovani RAD51 would increase the
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frequency of MME]J-mediated DSB repair, so as to improve gene
inactivation efficiency. Generating an L. donovani RAD51 null
mutant with this CRISPR/Cas9 system is under way.

To our knowledge, this is the first time that an RNA polymer-
ase I promoter has been used to drive gRNA expression in any
organism. The L. donovani rRNA promoter is a strong RNA poly-
merase I promoter which has been shown to induce gene expres-
sion by more than 60-fold (28). Indeed, compared with the gRNA
vector pSPneoHHgRNAaH-rRNAP, which relies on the RNA
polymerase II promoter for transcription, many more cells trans-
fected with pSPneoHHgRNAaH (containing the rRNA promoter)
became G418 and MLF resistant (Fig. 7C). It will be of interest in
the future to compare the efficacies of RNA polymerase I and III
promoters to drive gRNA expression once the L. donovani RNA
polymerase III U6 promoter is identified. It would also be of in-
terest to investigate using the RNA polymerase I promoter for
improving gRNA expression in other organisms, including hu-
man cells. Although some sequence differences are observed be-
tween rRNA promoters of different Leishmania species, we predict
that this CRISPR-Cas9 system would also work in Leishmania in-
fantum, L. major, and several other Leishmania species since
transient-transfection experiments suggested that the L. donovani
rRNA promoter could be active in these species (28, 29).

To develop a safe stable live attenuated Leishmania vaccine
strain, complete deletion of one or several virulence genes would
be required. With the use of Hammerhead and HDV ribozymes
and the rRNA promoter, a double-gRNA expression vector was
developed to express two gRNAs simultaneously. This double-
gRNA vector was used successfully to delete the whole LAMT gene,
and it significantly improved gene inactivation efficiency. If re-
quired, for example, to completely block a pathway or a multigene
family, a plasmid able to express several more gRNAs flanked by
Hammerhead and HDV ribozymes in tandem array can be con-
structed using this vector system (52). Moreover, one gRNA can
be used to target the LAMT gene and the other gRNA can be used
to target a different gene of interest, and following selection for
MLEF resistance, the gene of interest could be mutated with high
efficiency (53, 54).

Although manipulating the T. cruzi genome is usually more
difficult than in Leishmania with the traditional gene-targeting
approach, the CRISPR-Cas9 approach works efficiently in T. cruzi
with 60% double allelic mutation frequency (13). T. cruzi prolif-
erates much more slowly than Leishmania in culture (doubling
time of 36 h for T. cruzi versus 8 h for L. donovani), and therefore,
the high efficiency could be due in part to the long doubling time
allowing the Cas9/gRNA complex more time to scan the genome
and cause mutations before DNA replication. The work with
T. cruzi involved transfection of in vitro-synthesized gRNA di-
rectly into the parasite in contrast to this study of Leishmania
which developed plasmid vectors for stable expression of gRNA.
Direct transfection of in vitro-synthesized gRNA can bypass the
cloning and selection steps, and several gRNA species could be
delivered simultaneously (13). However, if the gene-targeting ef-
ficiency is low because of repair by HDR such as in Leishmania,
sequential transfection of the gRNA would be required. The gRNA
expression vector approach described in this study can also be
used to construct a gRNA-targeting library.

CRISPR-Cas9-mediated gene deletion in L. major was recently
reported where the U6 promoter was used to drive gRNA expres-
sion, and the flanking donor sequences were also included in the
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gRNA expression plasmid to promote HDR (14). Since the study
of L. major tested only a single gRNA and a plasmid donor to
disrupt one gene locus (the nonessential paraflagellar rod-2locus),
it is difficult to fully compare these two systems. However, in a
similar experiment set up to target a gene locus with a drug selec-
tion marker donor, in this study, all bleomycin-resistant clones
examined contained the desired insertion in the targeted L. don-
ovani genome sites (Fig. 4, 5). In contrast, only a quarter of the
drug-resistant L. major cells had the correct PFR2 replacement
with the puromycin selection marker donor. Those authors sus-
pected that the L. major U6 promoter could be weak and the pres-
ence of circular donor plasmid contributed to the low CRISPR-
Cas9 gene-targeting efficiency in L. major. In comparison, it was
simpler in the present study to prepare the drug selection marker
donor as a PCR product with 25-bp homology arms than to con-
struct a donor plasmid with two 1-kb-long homology sequences
flanking a drug resistance gene similar to the traditional gene-
targeting approach in L. major (14).

With carefully designed gene-specific gRNAs, CRISPR-Cas9-
induced off-target mutations are rare in mammalian cells (55).
Likewise, no off-target mutations were detected in T. cruzi and
L. major (13, 14). To address this concern, one can design several
specific gRNAs for a gene of interest such as the gRNAa, -b, and -c
used to target the LAMT gene in this study and determine whether
each results in a similar phenotype. A phenotype can be further
verified by gene complementation, as with traditional gene-
targeting approaches.

Successful genome-scale CRISPR-Cas9 knockout screenings
have been carried out in human cells (24, 25). However, before a
similar genome-scale screening can be performed in Leishmania,
the direct gene-targeting efficiency (without a donor) by this
CRISPR-Cas9 system has to be improved. To achieve this goal,
one approach as described above would be to generate a RAD51
null mutant to increase MME]. The rRNA promoter could be used
to try to increase Cas9 nuclease expression. Additional gRNAs
targeting various LdMT sites can be tested to help ascertain se-
quence features which enhance gRNA activity and promote
MME]J (35-37). Likewise, a series of mutated gRNAs with some
unmatched nucleotides in the guide sequence against an LdMT
site can be designed to identify sequence elements which could
cause off-target mutations (5). The use of a bleomycin selection
marker donor in this study has significantly eased isolation of gene
disruption mutants. However, to further assess the efficacy of this
CRISPR-Cas9 system, it will be helpful to examine additional
bleomycin-resistant clones to determine whether most of these
clones have both alleles disrupted for the nonessential
Ldbpk_241510.1 gene (Fig. 4). Likewise, it will be useful to deter-
mine the frequency of each type of the LdAMT gene deletion mu-
tations mediated by the double gRNA (gRNA5" and gRNA3’) tar-
geting with or without the oligonucleotide donor (Fig. 7) in a
follow-up study.

In summary, this study describes the implementation of
CRISPR-Cas9-mediated genome editing in L. donovani. With this
simple and efficient system, it was possible to introduce muta-
tions, antibiotic selection markers, and a protein tag sequence
(GFP) precisely into the L. donovani genome and to delete an
entire gene. Together, these methods significantly improve the
ability to manipulate the L. donovani genome and will help in the
identification of virulence genes, new drug targets, and drug resis-
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tance mechanisms and enable an overall better understanding of
biological processes in Leishmania.

MATERIALS AND METHODS

Leishmania donovani strain and culture medium. The L. donovani 1S/
CI2D strain used in this study was routinely cultured at 27°C in M199
medium (pH 7.4) supplemented with 10% heat-inactivated fetal bovine
serum, 40 mM HEPES (pH 7.4), 0.1 mM adenine, 5 mg liter ! hemin,
1 mg liter ! biotin, 1 mg liter~! biopterine, 50 U ml~! penicillin, and
50 pg ml~! streptomycin. Cultures were passaged to fresh medium in a
20-fold dilution once a week. Unless indicated, all Leishmania cultures
were carried out at 27°C in this study.

Plasmid construction. All primer sequences used in this study are
listed in Fig. S10 in the supplemental material.

The pLPhygCas9 plasmid was generated by cloning the humanized
Streptococcus pyogenes Cas9 nuclease with nuclear localization signals
(4.4 kb) from plasmid pX330 (Addgene) (5) into the HindIII and BamHI
sites of Leishmania expression vector pLPhyg (26) with primers
pX330Cas9F (F stands for forward) and pX330Cas9R (R stands for re-
verse).

The pSPneogRNA plasmid was generated as follows. (i) The 180-bp
L. donovani rRNA promoter was derived from L. donovani genomic DNA
by PCR with primers Ld&rRNApF and LdrRNApR. (ii) A 370-bp DNA
fragment that contains the guide sequence insertion site and the 82-bp
Cas9 binding RNA coding sequence was obtained from the pX330 plas-
mid with primer pX330gRNAF and primer pX330gRNAR. (iii) The
180-bp LdrRNA promoter sequence from step 1 and the 370-bp guide
RNA coding sequence from step 2 (there are 26-bp overlap sequence
between these two sequences) were joined together by PCR with primer
pair LArRNApF and pX330gRNAR. (iv) The joined sequence (550 bp)
from step 3 was digested with HindIIT and BamHI and cloned into the
corresponding sites of pSPneo (32) to generate gRNA expression plasmid
pSPneogRNA.

The pSPneogRNAH plasmid was generated as follows. (i) The 313-bp
DNA sequence which contains the L. donovani rRNA promoter and the
complete gRNA coding sequence from the pSPneogRNA plasmid was
amplified by PCR with primer LArRNApF and primer HDVRiboR1 which
also contains at its 5" end 28 nucleotides that overlap the HDV ribozyme
coding sequence. (ii) The 313-bp PCR fragment of the LdrRNA promoter
and gRNA sequence from step 1 was mixed with the following two HDV
ribozyme coding sequence oligonucleotides, HDVRiboF1 and HDVRi-
boR2. Note that HDVRiboF1 and HDVRiboR2 have 19-nucleotide com-
plementary sequences at their 3’ ends. (iii) The PCR fragment and the
HDV ribozyme coding sequence oligonucleotide mixture from step 2
were joined together by PCR with primer pair LdrRNApF and HDVRIi-
boR3. (iv) The joined sequence (359 bp) from step 3 was digested with
HindIIl and BamHI and cloned into the corresponding sites of pSPneo
(32) to generate gRNA expression plasmid pSPneogRNAH.

The pSPneoHHgRNAH plasmid was generated as follows. (i) The fol-
lowing five oligonucleotides, HH241510+1, HHBbsI+2, HHBbsI-1,
HH241510-2, and HH241510-3, which contain a HindIII site and a BglII
site, Hammerhead ribozyme sequence, and two BbsI sites were annealed
in T4 DNA ligase buffer. (ii) The annealed DNA fragment from step 1 was
ligated into BbsI-digested pSPneogRNAH plasmid after the unique BglII
site was eliminated with DNA polymerase I Klenow fragment.

The pSPneogRNA5'H-HHgRNA3'H plasmid (gRNA5'&3’ con-
struct) was generated by inserting the 360-bp HindIII and BamHI frag-
ment, which contains LArRNAP and Ld1315905'gRNA coding sequence
from pSPneogRNA5'H, into the HindIII and BglIl sites of
pSPneoHHgRNA3'H after removing the 180-bp LdrRNAP sequence.

gRNA and primer design and synthesis. The gRNA-targeting se-
quences were selected manually or with the gRNA designer tool (http://
www.broadinstitute.org/rnai/public/analysis-tools/sgrna-design).  The
primers for PCR were picked manually or by Primer3 (http://gmdd.shg-
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mo.org/primer3). All primers and oligonucleotides used in this study
were synthesized and purchased from Alpha DNA (Montreal, Canada).

Cloning guide sequence into various gRNA expression vectors. The
complementary oligonucleotides of guide sequence were first phosphor-
ylated in T4 DNA ligase buffer with T4 polynucleotide kinase and then
annealed by heating at 95°C for 5 min in a 1-liter water glass beaker, which
was allowed to cool to room temperature for about an hour. The annealed
guide DNA linkers (4 uM) were then cloned into the various BbsI-
digested gRNA expression vectors (see Fig. S1, S2, and S9 in the supple-
mental material).

Leishmania transfection and limiting dilution assay. Leishmania
transfections were performed as described previously (21, 56). Four to
10 ug of plasmid DNA, 10 ul of 100-um single-strand oligonucleotide
donor, and 2 to 4 ug of purified PCR products were used for each trans-
fection. To generate a cell line that constantly expresses Cas9, L. donovani
promastigotes transfected with pLPhygCas9 were selected and main-
tained at culture medium containing 100 wg/ml hygromycin. The Cas9-
expressing Leishmania cells transfected with various gRNA expression
plasmids were selected with G418 (100 wg/ml) and maintained in me-
dium containing both hygromycin and G418 (100 wg/ml each) as a
pooled population. Aliquots (<100 wl) of these cultures were taken out
for MLF resistance assay by limiting dilution culture at various time points
as indicated in the figures (for example, 4 and 6 weeks posttransfection).
To determine whether transfection of an oligonucleotide donor would
increase LAMT inactivation frequency, the gRNA transfectant culture was
split into two flasks. One flask remained in a 27°C incubator. Cells from
the other flask were harvested, transfected with the oligonucleotide donor,
and then resuspended in culture medium containing both hygromycin
and G418 in a 27°C incubator. After continuous culture for 3 days, the
cells were taken out from the non-oligonucleotide donor-transfected or
oligonucleotide donor-transfected culture flasks, counted, and then di-
rectly used for MLF resistance assay by limiting dilution culture. To de-
termine whether culture at 37°C would improve the LdMT inactivation
frequency, the gRNA transfectant cultures with or without the oligonu-
cleotide donor were split into two flasks, one remained in a 27°C incuba-
tor, and the other flask was transferred to a 37°C incubator. After 4 days of
culture, cells were taken out from the 27°C and 37°C culture flasks,
counted, and then used for MLF resistance assay by limiting dilution
culture.

Limiting dilution cultures used to clone the transfectants and to quan-
tify MLF resistance and Ble donor insertion rates were performed at 27°C
in 96-well plates that contained Leishmania culture medium (100 wl/well)
with 40 uM miltefosine or 100 pg/ml phleomycin in addition to hygro-
mycin and G418 (100 ug/ml each). The gRNA transfectants were inocu-
lated into the wells in the first column at two thousand to one mi llion cells
in 200 ul medium per well and then serially diluted by 2-fold from left to
right until column 12. Each sample was serially diluted in triplicate or
quadruplicate and cultured at 27°C for 2 to 4 weeks. The resistance rates
were determined by counting back from the last well containing a single
parasite to determine the number of resistant parasites, and this was com-
pared to the number of parasites added in the first well before drug selec-
tion. Unlike phleomycin and hygromycin, which take days to kill wild-
type L. donovani promastigote cells, miltefosine requires less than 20 h to
completely kill wild-type L. donovani cells.

The primer pair 241510BleF and 241510BleR with pSPble plasmid as
the PCR template were used to generate the bleomycin resistance gene
expression cassette donor (see Fig. S6 in the supplemental material). Two
to 4 ug of purified Ble donor PCR products was used to transfect the Cas9-
and gRNALd241510-expressing Leishmania cells. Three days posttrans-
fection, the cells were subjected to drug selection with 100 pg/ml phleo-
mycin.

The primer pair 131590GFPF and 131590GFPR with pEGFP-N1
(EGFP stands for enhanced green fluorescent protein) plasmid as the
PCR template were used to generate the GFP tag donor (see Fig. S8 in
the supplemental material). Two to 4 ug of purified GFP donor PCR
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products was used to transfect the Cas9- and gRNAa-expressing Leish-
mania cells. Three days posttransfection, the cells were subjected to
drug selection with 40 uM miltefosine.

Sequencing analysis. All plasmid constructs generated in this study
were verified by DNA sequencing.

Genomic DNAs from wild-type and gRNA construct-transfected
Leishmania promastigotes were extracted with a minipreparation method
as described previously (57). The sequences surrounding the gRNA-
targeting sites were amplified by KAPA Tag DNA polymerase with various
primer pairs listed in the supplemental material. The PCR products were
purified from agarose gels and sent directly for sequencing or subcloned
into the pSP72 vector before sequencing. All gRNA expression plasmids
were sequenced by a modified protocol for DNA with secondary struc-
ture. Sequencing was performed at the McGill University and Genome
Quebec Innovation Center.

Flow cytometry and fluorescence microscopy. Flow cytometric anal-
ysis was performed using a FACSariall cytometer from Becton Dickinson
(BD Biosciences, USA), and data were collected by using FACSDiva ver-
sion 6.1.3. Imaging of live Leishmania promastigotes by confocal micros-
copy (Olympus) was performed as described previously (58).

The pLPhygCas9, pSPneogRNAH, pSPneoHHgRNAH, and pSPble
plasmids have been deposited in Addgene with identification (ID) no.
63555, 63556, 63557, and 63561, respectively. Partial sequences for some
of these plasmids are provided in Fig. S1, S6, and S9 in the supplemental
material.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at http://mbio.asm.org/
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Figure S2, DOCX file, 0.01 MB.
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