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Abstract The efficiency of gene targeting by integration

through homologous recombination (homologous integra-

tion, HI) in the human pathogen Cryptococcus neoformans

remains unsatisfactory. In order to achieve a much more

efficient gene targeting system in C. neoformans, a new

double knockout strain in genes involved in the non-

homologous end joining (NHEJ) pathway was constructed.

HI frequency was elevated by as much as approximately

fivefold in the single or double knockout strains in NHEJ

genes, and the frequency depended on the gene targeted.

None of the NHEJ gene knockouts showed significant

differences in regular growth, sensitivity to DNA-damaging

drugs or UV, and virulence compared to the wild-type

control, suggesting that the NHEJ pathway does not play a

significant role in these biological stresses in C. neoformans.

It was also suggested that the genes analyzed in this

study are components of a single NHEJ pathway, as the

mutants (including the double mutant) displayed the same

phenotypes.

Keywords DNA ligase IV � Gene manipulation �
KU protein � Molecular genetics

Introduction

Cryptococcus neoformans (anamorph of Filobasidiella

neoformans in Tremellales) is one of the most life-threat-

ening fungal pathogens (Casadevall and Perfect 1998).

Infection with this pathogen is often associated with

immunodeficiency caused by therapeutic immunosuppres-

sion, neoplastic disease, and AIDS. Cryptococcus infection

is believed to occur initially by inhalation of desiccated

yeast cells or basidiospores, followed by dissemination to

the central nervous system to cause meningitis. This fungus

occasionally causes disease not only in immunocompro-

mised patients, but even in healthy individuals without

apparent pre-existing diseases.

Since the completion of the genome sequence of

C. neoformans, a number of genes have been targeted and

deleted, inactivated or disrupted in this pathogen in order to

assess their functions or its involvement in pathogenicity

and basic biology. To reduce the cost of, the time needed

and the effort required to perform genetic manipulation in

C. neoformans, strains lacking genes involved in non-

homologous end joining (NHEJ) have been developed

(Goins et al. 2006; Shimizu et al. 2010). In these strains,

gene targeting efficiency has been elevated to 70–90%

depending on homologous sequence length, but a signifi-

cant number of transformants due to NHEJ still appear in

any transformation experiments.

In other fungal species, highly efficient gene-targeting

has been achieved by inactivating KU genes (homologs of

human KU70 and KU80, or Saccharomyces cerevisiae

YKU70 and YKU80), components of the NHEJ pathway.

These fungi include Neurospora crassa (Ninomiya et al.

2004), Kluyveromyces lactis (Kooistra et al. 2004) Asper-

gillus nidulans (Nayak et al. 2006), A. fumigatus (da Silva

Ferreira et al. 2006; Krappmann et al. 2006), A. oryzae

(Takahashi et al. 2006), A. sojae (Takahashi et al. 2006),

Sordaria macrospore (Pöggeler and Kück 2006), A. niger

(Meyer et al. 2007), Botrytis cinerea (Choquer et al. 2008),

Candida glabrata (Ueno et al. 2007), Magnaporthe grisea

(Villalba et al. 2008), A. parasiticus (Chang 2008),
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Trichophyton mentagrophytes (Yamada et al. 2009) and

Hypocrea jecorina (Guangtao et al. 2009). Another com-

ponent of NHEJ, a DNA ligase IV, has been also inacti-

vated in some filamentous fungi, such as N. crassa

(Ishibashi et al. 2006), A. oryzae (Mizutani et al. 2008),

M. grisea (Kito et al. 2008) and Pichia ciferrii (Schorsch

et al. 2009). Compared to these, C. neoformans appears to

be a rather laborious organism for gene targeting.

In order to elevate gene-targeting efficiency in C. neo-

formans, we explored the mechanism of NHEJ in this

species by genetic analysis. Our results suggest that the

NHEJ process in C. neoformans involves both KU protein

and DNA ligase IV in a single and nonoverlapping path-

way, and that the NHEJ mechanisms for KU and DNA

ligase IV appear to be independent.

Materials and methods

Strains and media

The Cryptococcus neoformans strains used in this study

are listed in Table 1. All strains were maintained on a

YPD (10 g yeast extract, 10 g polypeptone, 10 g glucose

per 1 l) plate at 25�C for use. For transformation, YPD

or YNB [1.7 g yeast nitrogen base without amino acids

and ammonium sulfate (Difco), 5 g ammonium sulfate,

20 g glucose per 1 l] plates were supplemented with

1.2 M sorbitol. Nourseothricin (100 lg/ml) or G418

(200 lg/ml) was added to YPD plate for selection of

nourseothricin or G418-resistant transformants. Adenine

(250 lg/ml) was supplemented for the selection of

Dade2 transformants. L-Deoxyphenylalanine (L-DOPA)

medium was prepared as described by Chaskes and

Tyndall (1975) to screen for melanin-deficient Dlac1

transformants.

Strain constructions

The primers used in this study are summarized in Table 2.

In order to introduce Dcnlig4 into the Dcku70 background

to create a double knockout strain, the primers CnLIG4-

5.UP and CnLIG4-3.LP were used to amplify a gene

knockout cassette using a genomic DNA of TLHM12 as

template. The knockout cassette was introduced biolisti-

cally into TLHM15. Transformants were screened on YPD

with G418, and proper integration was confirmed by PCR

with the primers CnLIG4.UUP and CnLIG4.LLP, as

described previously (Shimizu et al. 2010). The primers

NAT.UP and NAT.LP were also used to confirm cnlig4

deletion (see Fig. 1). To create the lac1 (a laccase-coding

gene involved in melanin biosynthesis) deletion strain

TLHM29, the primers LAC1-5.UP, LAC1-3.LP, LAC1-

3.UP and LAC1-3.LP were used to amplify LAC1 flanking

sequences from B4500 genomic DNA, and the primers

M13FWD and M13REV were used to amplify the URA5

marker gene from pKIS117.1 as a template. Three PCR

fragments raised as above were then mixed and fused by

PCR with the primers LAC1-5.UP and LAC1-3.LP to

generate the Dlac1 construct as described previously

(Shimizu et al. 2010), and the gene knockout cassette was

biolistically introduced into TLHM15. To construct the

ade2 (a gene involved in adenine biosynthesis) deletion

strain TLHM30, the primers ADE2-5.UP, ADE2-5.UP,

ADE2-3.LP, ADE2-3.UP, ADE2-3.LP, M13FWD and

M13REV were used to generate the Dade2 construct as

described above, and the gene knockout fragment was also

biolistically introduced into TLHM15.

HI frequency assay

To introduce the URA5 gene for homologous integration

(HI) frequency assay, the primer pairs URA5.UP1 and

Table 1 Strains used in this

study
Strain Genotype Source

B4500 Wild type (WT) Kwon-Chung et al. (1992)

TAD1 Dura5 Drivinya et al. (2004)

TLHM12 Dcnlig4::NAT, Dura5 Shimizu et al. (2010)

TLHM14 Dcku80::NEO1, Dura5 Shimizu et al. (2010)

TLHM15 Dcku70::NEO1, Dura5 Shimizu et al. (2010)

TLHM16 Dcnlig4::NAT, Dcku80::NEO1, Dura5 This study

TLHM22 Dcnlig4::NAT Shimizu et al. (2010)

TLHM24 Dcku70::NEO1 This study

TLHM32 Dcku80::NEO1 This study

TLHM31 Dcnlig4::NAT, Dcku70::NEO1 This study

TLHM29 Dlac1::URA5, Dcku70::NEO1, Dura5 This study

TLHM30 Dade2::URA5, Dcku70::NEO1, Dura5 This study
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URA5.LP1 or URA5.UP3 and URA5.LP3 were used to

amplify DNA fragments containing a functional URA5

gene with either 1000 or 100 bp flanking sequences, and

B4500 genomic DNA was used as a template. NHEJ

mutant strains were transformed with the PCR fragments,

and about 20 transformants from each experiment were

chosen to determine whether the transformed URA5 gene

fragments were introduced by HI or NHEJ. For this assay,

the primers URA5.UUP and URA5.LLP were used as

described previously (Shimizu et al. 2010; see Fig. 2). To

knock out the LAC1 gene for HI frequency assay, the pri-

mer pairs LAC1-5.UP and LAC1-3.LP or LAC1-5.UP100

and LAC1-3.LP100 were used to amplify the Dlac1 cas-

sette, containing the URA5 marker gene, with either 1000

or 100 bp flanking sequences, and TLHM29 genomic DNA

was used as a template. The gene fragments were then

introduced into NHEJ mutant strains and the uracil proto-

trophic transformants that arose were transferred onto

L-DOPA plates. White and dark colonies were counted as

HI or NHEJ transformants. PCR with the primers LAC1.UUP

and LAC1.LLP was also conducted to confirm the targeted

gene integration (see Fig. 3). For ADE2 gene deletion to

assess HI frequency, the primer pairs ADE2-5.UP and

ADE2-3.LP or ADE2-5.UP100 and ADE2-3.LP100 were

used to amplify the Dade2 cassette containing the URA5

marker gene with either 1000 or 100 bp flanking sequen-

ces, and TLHM30 genomic DNA was used as template.

The gene knockout cassettes were then introduced into

NHEJ mutant strains and uracil prototrophic transformants

were incubated for 1 week to facilitate the accumulation of

Table 2 Primers used in this

study

The underlined nucleotides

correspond to the URA5 marker

gene of pKIS117.1

Primer Sequence

LIG4.5UP 50-TGGGGAAAAGTTTGATGTTGTGTG-30

LIG4.3LP 50-TGTCAACCCCTGGTGCTGGATCTC-30

LIG4.UUP 50-AAAGGGAGAGTTGGAGTACCGATT-30

LIG4.LLP 50-CGGAGTAACAGTGGAAGCAGGAGT-30

NAT.UP 50-GGTTTATCTGTATTAACACGA-30

NAT.LP 50-TGAATAGAGTCACTTTTGCTAG-30

LAC1-5.UP 50-GGGAATGGGTGTACGTTAGT-30

LAC1-5.LP 50-GCCCTATAGTGAGTCGTATTACAATTCACTGGCCGTC

GTTTTACTACTGTGAGCGTCGGTATAG-30

LAC1-3.UP 50-TAATCATGGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCT

AAGACCGCTCGGGTTGGAAGAA-30

LAC1-3.LP 50-TCTGTCAGGAGCTTGTTCAG-30

ADE2-5.UP 50-AAGGCTGATAGAGGAATTGT-30

ADE2-5.LP 50-GCCCTATAGTGAGTCGTATTACAATTCACTGGCCGTCGTTTTAC

TTTGTTACAAGAGATGCTCG-30

ADE2-3.UP 50-TAATCATGGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCT

ATCAACGGTTTTATGCTGGT-30

ADE2-3.LP 50-AGAGAACGGGAGGGGAAAAG-30

M13FWD2 50-CGCCAGGGTTTTCCCAGTCACGAC-30

M13REV 50-AGCGGATAACAATTTCACACAGGA-30

URA5.UP1 50-GACTACTGACGTAGTATTATCGGT-30

URA5.LP1 50-TCGGCCACATATCGATGATCACGA-30

URA5.UP3 50-CTGTCTCTGAAGCAAGACTAGCGA-30

URA5.LP3 50-GGCCACGGACCAACCCTGGCACAT-30

URA5.UUP 50-AATTAAACTCTCCGCCATATCCTC-30

URA5.LLP 50-CTCTAGTATCGCTCGACTGTCTCA-30

LAC1-5.UP100 50-GCATCTTCCCACTATCAACT-30

LAC1-3.LP100 50-AGTTAACCAAAAAGTCCGTCA-30

LAC1.UUP 50-CAAATTGGGAGACGTGCGCT-30

LAC1.LLP 50-GGCCTTTGATTTCGTTCGCT-30

ADE2-5.UP100 50-ATAATTTGTGCCTGACTGGC-30

ADE2-3.LP100 50-TTGAAGGGTGTTGCTATTATAA-30

ADE2.UUP 50-TGAGAAGATGAAGGGGCGAA-30

ADE2.LLP 50-GAATGGAATTAGTGCCGATC-30
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the red pigment, which is a sign of ADE2 gene inactivation

(Ueno et al. 2007). Red and white colonies were counted

as HI and NHEJ transformants, respectively. PCR with

primers ADE2.UUP and ADE2.LLP was also performed to

confirm the targeted gene integration (see Fig. 4).

Chemical and UV sensitivity test

Cells from an overnight culture were harvested, rinsed

with 0.1 M phosphate-buffered saline (pH 7.4), and the

cells were enumerated with a hemacytometer to adjust the

cell concentration. To measure the sensitivity of mutants

to DNA-damaging agents, cells were suspended in liquid

YNB medium to a concentration of 102 cells/ml, and

100 ll of the suspension were placed onto each well in a

96-well plate. The reagents were then added to the wells

to final concentrations of 0, 0.003, 0.006, 0.013, 0.025,

0.005 and 0.1% for methyl methane sulfonate (MMS),

and 0, 2.5, 5, 10, 20, 41, 81, 163, 325 and 650 mM

for hydroxyurea (HU), respectively. The plates were

incubated at 30�C for 3 days, and growth was measured

by a Sunrise Thermo spectrophotometer (TECAN, Aus-

tria) at an optical density of k = 620 nm. For the UV

sensitivity test, 100 cells were plated onto YPD plates

and exposed to 254-nm UV rays of either 0, 200, 400,

800 or 1600 J/m2. The plates were incubated at 30�C for

3 days, and the number of colonies that appeared was

counted.

Virulence assay

The wild-type and NHEJ mutants of C. neoformans were

injected into mice and survival curves were drawn. Five-

week-old male Crj:CD-1 (ICR; Charles River) mice were

inoculated intravenously with 2.0 9 106 CFU Cryptococ-

cus cells. Five or 6 animals were used for each experiment.

Survival data were statistically analyzed by the log-rank

test (PRISM 4.0; GraphPad Software). The animal protocol

used for this study was approved by the Animal Use

Committee, Chiba University.

Lig4-5.UUP

Lig4-3.LLP

Lig4-3.LP

Lig4-5.UPa

NAT.UP

NAT.LP

CnLIG4

ck
u8

0

transformants

7.1 kb

4.0 kb

cn
lig

4b

1 2 3 4 5 6 7 8 9 10

Fig. 1 Construction of Dcnlig4 into Dcku80 double deletion strain.

a Scheme for the replacement of the CnLIG4 gene (5.1 kb) with the

NAT gene cassette (striped box 1.8 kb). The CnLIG4 gene knockout

construct containing the upstream (dotted box 1.0 kb) and down-

stream (open box 1.0 kb) flanking sequences of the CnLIG4 gene

fused with NAT was PCR amplified using TLHM12 (Dcnlig4)

genomic DNA as a template and used for transformation. The

positions of the primers used for CnLIG4 gene disruption are also

indicated. b Agarose gel electrophoresis of amplified DNA fragments

in the CnLIG4 regions. Genomic DNA of the recipient control

TLHM14 (Dcku80), TLHM12 (Dcnlig4) and 10 transformants

obtained were PCR amplified with the primers CnLIG4.UUP and

CnLIG4.LLP. Two transformants were successful CnLIG4 gene

disruptants (lanes 2 and 6), as the PCR fragments are identical to that

of TLHM12 (Dcnlig4). Note that the primers CnLIG4.UUP and

CnLIG4.LLP reside outside the flanking sequences used for CnLIG4
disruption
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Results

Construction of the double knockout strain

and characterization of the NHEJ mutants

of C. neoformans

In order to create a double knockout strain, we introduced

the Dcnlig4 cassette into TLHM14 (Dcku80). We screened

10 transformants, and 2 of them turned out to be successful

disruptants (Fig. 1). The strains grew normally on a solid

plate and in a liquid shake culture compared to the NHEJ

wild-type or Dcnlig4 or Dcku70 single deletion strains,

respectively (data not shown). In order to characterize the

effects of DNA-damaging agents and UV, NHEJ mutants

were grown in the presence of MMS or HU, or exposed to

UV (Fig. 5). No obvious differences between the wild-type

and NHEJ mutants were found under any condition tested,

suggesting that none of the components of the NHEJ

pathway are essential for regular growth or DNA repair.

HI frequencies are elevated in NHEJ mutants

TAD1 (Dura5), TLHM12 (Dcnlig4, Dura5), TLHM14

(Dcku80, Dura5), TLHM15 (Dcku70, Dura5) and TLHM16

(Dcku80, Dcnlig4, Dura5) were transformed with the URA5

gene with 100 or 1 kb flanking sequences on both ends (see

Fig. 5a). When the DNA with 100 bp flanking regions was

used, no HI event was observed in any strain. When the

fragment with 1 kb flanking sequences was used, the HI

frequency in the Dcnlig4 strain was elevated to approxi-

mately 1.6 times higher than that of the wild-type control

(Table 3). In addition, the laccase gene LAC1 and the

adenine biosynthetic gene ADE2 were targeted to assess

the HI frequency in the NHEJ mutants by using the gene

disruption cassette with 100 or 1 kb flanking sequences

(see Figs. 3b, 4b). As shown in Fig. 3a (LAC1) and Fig. 4a

(ADE2), successfully targeted transformants (results of HI)

could be visually distinguished from ectopically integrated

transformants (results of NHEJ). As summarized in

Tables 4 and 5, the HI frequency was elevated to 1.9

(Dcku70)–4.9 (Dcku80) times higher than that of the wild-

type control TAD1 when LAC1 was targeted, but it was

almost comparable to that of the control strain when ADE2

was targeted.

We then investigated whether HI frequency depends on

the target gene by transforming a C. neoformans Dcku70

mutant strain with various gene knockout cassettes. As

shown in Table 6, the HI frequency varies from 13%

(CnUBP6) to 80% (CnUBI4), suggesting that some genes

are more efficiently targeted than others.

NHEJ pathway is not required for virulence

of C. neoformans

The wild-type, Dcnlig4, Dcku70, Dcku80 and the double

knockout (Dcku80, Dcnlig4) strains were inoculated into

ICR mice via tail vein injection. Figure 6 shows the sur-

vival curves of mice infected with each strain. All of the

strains were equally virulent to the wild-type strain

(p = 0.80 for WT vs Dcnlig4, p = 0.40 for WT vs Dcku70,

p = 0.41 for WT vs Dcku80, p = 0.23 for WT vs Dcku80,

Dcnlig4). These results suggest that no NHEJ genes are

required for C. neoformans to be virulent against mice. The

p values for all of the pairwise comparisons among mice

infected with mutant strains were calculated, and all of

them were [0.14, which strongly indicates that all of the

strains used in this virulence assay are equally virulent in

the murine model.

Discussion

We demonstrated in a previous report that by deleting the

CnLIG4 gene encoding a DNA ligase IV involved in

NHEJ, the HI efficiency of C. neoformans was elevated to

80%. We also showed that the HI frequency reached up to

90% in C. neoformans cku70 or cku80 mutant strains. In

NHEJHI

URA5.UUP

URA5.LLP

URA5.UUP

URA5.LLP

c

a

b

d f

e

3.9 kb

2 kb

g

Fig. 2 HI frequency assay with the URA5 gene. Diagram of the HI

efficiency assay used in this study (a–f). The URA5 gene (dotted box)

with upstream (striped box) and downstream (open box) flanking

sequences (a) was transformed into cells in which URA5 gene is

eliminated (b). When the introduced fragment (a) is integrated into

the genome by HI (c), the resulting transformant raises a 3.9 kb PCR

fragment with the primers URA5.UUP and URA5.LLP, because the

region contains the entire URA5 gene (d). But when NHEJ occurs (e),

a 2.0 kb PCR fragment will be amplified, as the region lacks the

URA5 gene (f). An example of agarose gel electrophoresis of PCR

fragments by URA5.UUP and URA5.LLP is shown in (g). The

amplified fragments of 3.9 kb result from HI, and those of 2.0 kb

result from NHEJ
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this study, we conducted a genetic analysis by creating a

double knockout strain in both the cnlig4 and the cku70

genes and comparing its phenotypes with other single

knockout strains. As all of the single and double knockout

strains showed similar phenotypes in terms of growth,

sensitivities to UV and DNA damaging chemicals, viru-

lence and HI efficiencies, the genes analyzed in this study

appear to be components of the single pathway of NHEJ. In

N. crassa, the HI efficiency of the mus-51 (YKU70

homolog) mutant is significantly lower than that of the

WT cku80cnlig4 cku70 cku80, cnlig4

LAC1.UUP

LAC1.LLP

5kb
4kb

Primer: LAC1.LLP-UUP

WT lac1 white dark

a

b

Fig. 3 HI frequency assay with the LAC1 gene. Transformants that

appeared on transformation plates were transferred onto L-DOPA

medium plates and incubated at 25�C for 7 days. After the incubation,

the white and dark colonies were counted (a). Some of the white and

dark colonies were used for PCR with the primers LAC1.UUP and

LAC1.LLP. Successful LAC1 deletion transformants (white colonies,

result of HI) bore 4 kb fragments, whereas exogenous integration

transformants (dark colonies, result of NHEJ) bore 5 kb fragments

(b). URA5 marker gene, striped box 2.0 kb; upstream, dotted box
1.0 kb; downstream, open box 1.0 kb flanking sequences

4kb 
3kb 

WT ade2 

1. ADE2.UUP- LLP 

2. ADE2.UUP- M13REV 

3. ADE2.LLP- M13FWD2
1 23 12 3 

red white 

ADE2.UUP 

ADE2.LL P M13REV 

M13FWD2 

a 

b 

Fig. 4 HI frequency assay with the ADE2 gene. Transformants that

appeared on transformation plates were kept at 25�C for 7 days. After

the incubation, the white and red colonies (indicated by open and

closed arrowheads, respectively) were counted (a). Some of white
and red colonies were used for PCR with the primers ADE2.UUP

and ADE2.LLP, ADE2.UUP and M13REV, or ADE2.LLP and

M13FWD2. Successful ADE2 deletion transformants (red colonies,

result of HI) bore 4 kb fragments by the primers ADE2.UUP and

ADE2.LLP, and 3 kb fragments by the primer pairs ADE2.UUP and

M13REV, or ADE2.LLP and M13FWD2. Unsuccessful transformants

(white colonies, result of NHEJ) also gave 4 kb fragments by the

primers ADE2.UUP and ADE2.LLP, but they did not give PCR

fragments by ADE2.UUP and M13REV or by ADE2.LLP and

M13FWD2 (b). URA5 marker gene, striped box 2.0 kb; upstream,

dotted box 1.0 kb; downstream, open box 1.0 kb flanking sequences
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mus-52 (LIG4 homolog) mutant. Thus, the presence of a

minor pathway responsible for NHEJ is suggested, which is

controlled by MUS-11 (Rad52 homolog), a major compo-

nent of DSB repair by homologous recombination (HR)

(Ishibashi et al. 2006). A homolog of the Rad52 gene was

found by a BLAST search in the genome of C. neoformans.

Although its involvement in NHEJ has not yet been elu-

cidated, the RAD52 in C. neoformans may not have such

an obvious role in NHEJ as in N. crassa, based on our

observation that the phenotypes of the mutants are quite

similar to each other. To better understand the DSB repair

mechanisms in C. neoformans, the role of components in

HI including RAD52 should be determined.

Our results also indicate that CKU70, CKU80 and

CnLIG4 are not responsible for sensitivity to DNA-dam-

aging drugs or UV. In some fungal species such as

A. fumigatus (Krappmann et al. 2006), A. nidulans (Nayak

et al. 2006), A. parasiticus (Chang 2008) or C. glabrata

(Ueno et al. 2007), it has been reported that the homologs of

YKU70 or YKU80 genes are not responsible for UV

or DNA-damaging chemical sensitivities. In other cases,

including A. oryzae (Mizutani et al. 2008), N. crassa

(Ishibashi et al. 2006) and T. mentagrophytes (Yamada et al.

2009), their involvement in resistance to DNA-damaging

agents has been reported. Our results suggest that the

involvement of the NHEJ pathway to DSB repair caused by

physical or chemical stimulation in C. neoformans is one of

the former cases. Since there seems to be no correlation

between these differences and fungal phylogenetic rela-

tionships (James et al. 2006), the evolution of NHEJ path-

ways in fungi appears to be complicated. For growth in

regular conditions, no fungal species has been reported to be

influenced by the deletion of NHEJ component(s), as in

the case of C. neoformans. In the plant-pathogenic fungus

B. cinerea, BcKu70 and BcKu80 knockout strains are just as

virulent towards the host plant as the wild-type control

(Choquer et al. 2008). These results show that the NHEJ

pathway in fungal pathogens may not be important for

fully expressing their pathogenicities in either animals or

plants.

In general, DSBs are repaired through two major

recombination pathways: HR and NHEJ (Aylon and Kupiec

2004). HR requires homologous DNA sequences, whereas

NHEJ does not. In DSB repair through the NHEJ, DSBs

are recognized by KU proteins and rejoined through direct

ligation by DNA ligase IV regardless of genetic informa-

tion from their original sequences. In C. neoformans, even

though genes encoding KU proteins and/or DNA ligase

IV were eliminated, ectopic and undesired integration

frequently occurred during transformation experiments,

suggesting that KU- or DNA ligase IV-independent mech-

anisms that allow random integration should be functioning

in this fungus. In the genome of C. neoformans, there are at

least 2 additional genes that likely code for DNA ligases,

and their activities may allow foreign DNA to be integrated

ectopically even when DNA ligase IV encoded by CnLIG4

is inactive. The functions of these ligase coding genes are

currently being analyzed in order to determine their

involvement in NHEJ. A better understanding of the details
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Fig. 5 Sensitivity of NHEJ mutants to DNA-damaging chemicals

and UV. The C. neoformans NHEJ mutant strains were grown in the

presence of various concentrations of methyl methane sulfonate

(MMS, a) or hydroxyurea (HU, b). These mutants were also exposed

to various strengths of UV (c). All experiments were performed in

triplicate, and standard deviations are indicated
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Table 3 HI frequencies of NHEJ mutant strains with respect to the URA5 gene

Strain NHEJ genotype Flanking size = 1000 bp Flanking size = 100 bp

HI frequency Relative value of

HI frequency

HI frequency Relative value of

HI frequency

TAD1 WT 10/22 (45%) 1.0 0/20 (0%) 0

TLHM12 Dcnlig4 16/22 (73%) 1.6 0/23 (0%) 0

TLHM14 Dcku80 11/23 (48%) 1.1 0/16 (0%) 0

TLHM15 Dcku70 12/22 (55%) 1.2 0/7 (0%) 0

TLHM16 Dcku80, Dcnlig4 10/23 (43%) 1.0 0/18 (0%) 0

Table 4 HI frequencies of NHEJ mutant strains with respect to the LAC1 gene

Strain NHEJ genotype Flanking size = 1000 bp Flanking size = 100 bp

HI frequency Relative value of

HI frequency

HI frequency Relative value of

HI frequency

TAD1 WT 9/100 (9%) 1.0 0/100 (0%) 0

TLHM12 Dcnlig4 25/100 (25%) 2.8 3/100 (3%) ?

TLHM14 Dcku80 16/36 (44%) 4.9 2/67 (3%) ?

TLHM15 Dcku70 17/100 (17%) 1.9 1/84 (1%) ?

TLHM16 Dcku80, Dcnlig4 25/80 (28%) 3.1 1/32 (3%) ?

Table 5 HI frequencies of NHEJ mutant strains with respect to the ADE2 gene

Strain NHEJ genotype Flanking size = 1000 bp Flanking size = 100 bp

HI frequency Relative value of

HI frequency

HI frequency Relative value of

HI frequency

TAD1 WT 76/177 (43%) 1.0 0/160 0

TLHM12 Dcnlig4 105/165 (64%) 1.5 0/142 0

TLHM14 Dcku80 257/403 (64%) 1.5 0/87 0

TLHM15 Dcku70 22/49 (45%) 1.0 0/66 0

TLHM16 Dcku80, Dcnlig4 5/13 (38%) 0.9 0/58 0

Table 6 HI frequencies of the Dcku70 strain with respect to various

target genes

Target gene Gene ID HI frequency

CnUBP6 CNG01690 1/8 (13%)

CnUCH37 CND01170 2/8 (25%)

CnRPN10 CNA04640 3/6 (50%)

CnPHO1 CNG00033 6/15 (40%)

CnPHO2 CNK00554 2/7 (29%)

CnPHO80 CNBK0910 3/8 (38%)

CnPHO3 CNK01690 5/9 (56%)

CnUBI4 CNA03330 4/5 (80%)

cnlig4
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Fig. 6 Virulence of NHEJ mutants. ICR mice were infected with

2 9 106 cells of B4500 (WT), TLHM22 (Dcnlig4::NAT), TLHM24

(Dcku70::NEO1), TLHM32 (Dcku80::NEO1) and TLHM31 (Dcnlig4::

NAT, Dcku80::NEO1) by tail vain injection. Percent survival (%) was

monitored for 20 days after inoculation
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of the mechanism of DSB repair and NHEJ will greatly

facilitate molecular studies in C. neoformans.
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Pöggeler S, Kück U (2006) Highly efficient generation of signal

transduction knockout mutants using a fungal strain deficient in

the mammalian ku70 ortholog. Gene 378:1–10

Schorsch C, Köhler T, Boles E (2009) Knockout of the DNA ligase

IV homolog gene in the sphingoid base producing yeast Pichia
ciferrii significantly increases gene targeting efficiency. Curr

Genet 55:381–389

Shimizu K, Li H-M, Virtudazo EV, Watanabe A, Kamei K,

Yamaguchi M, Kawamoto S (2010) Deletion of CnLIG4 DNA

ligase gene in the fungal pathogen Cryptococcus neoformans
elevates homologous recombination efficiency. Mycoscience

51:28–33

Takahashi T, Masuda T, Koyama Y (2006) Enhanced gene targeting

frequency in ku70 and ku80 disruption mutants of Aspergillus
sojae and Aspergillus oryzae. Mol Genet Genomics 275:460–470

Ueno K, Uno J, Nakayama H, Sasamoto K, Mikami Y, Chibana H

(2007) Development of highly efficient gene targeting system

induced by transient repression of YKU80 expression in Candida
glabrata. Eukaryot Cell 6:1239–1247

Villalba F, Collemare J, Landraud P, Lambou K, Brozek V, Cirer B,

Morin D, Bruel C, Beffa R, Lebrun M-H (2008) Improved gene

targeting in Magnaporthe grisea by inactivation of MgKU80
required for non-homologous end joining. Fungal Genet Biol

45:68–75

Yamada T, Makimura K, Hisajima T, Ishihara Y, Umeda Y, Abe S

(2009) Enhanced gene replacements in Ku80 disruption mutants

of the dermatophyte, Trichophyton mentagrophytes. FEMS

Microbiol Lett 298:208–217

280 Mycoscience (2010) 51:272–280

123


	Non-homologous end joining pathway of the human pathogen Cryptococcus neoformans influences homologous integration efficiency but not virulence
	Abstract
	Introduction
	Materials and methods
	Strains and media
	Strain constructions
	HI frequency assay
	Chemical and UV sensitivity test
	Virulence assay

	Results
	Construction of the double knockout strain  and characterization of the NHEJ mutants  of C. neoformans
	HI frequencies are elevated in NHEJ mutants
	NHEJ pathway is not required for virulence  of C. neoformans

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


