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Abstract Foot-and-mouth disease virus (FMDV) is an economically devastating viral disease

leading to a substantial loss to the swine industry worldwide. A novel alternative strategy is to

develop pigs that are genetically resistant to infection. Here, we produce transgenic (TG) pigs

that constitutively expressed FMDV-specific short interfering RNA (siRNA) derived from small

hairpin RNA (shRNA). In vitro challenge of TG fibroblasts showed the shRNA suppressed viral

growth. TG and non-TG pigs were challenged by intramuscular injection with 100 LD50 of

FMDV. High fever, severe clinical signs of foot-and-mouth disease and typical histopathological

changes were observed in all of the non-TG pigs but in none of the high-siRNA pigs. Our results

show that TG shRNA can provide a viable tool for producing animals with enhanced resistance

to FMDV.

DOI: 10.7554/eLife.06951.001

Introduction
Foot-and-mouth disease (FMD) is an acute and highly contagious disease of cloven-hoofed animals,

including cattle, pigs, sheep and goats and more than 70 wildlife species, and is devastating especially

in young animals (Grubman and Baxt, 2004). The etiological agent of FMD is foot-and-mouth disease

virus (FMDV), which belongs to the genus aphthovirus of the family Picornaviridae (Bachrach, 1968).

Some control strategies including eradication, vaccination, selective test and slaughter have been widely

used for preventing FMDV infection (Leforban, 1999; Barnett and Carabin, 2002), but diseases caused

by FMDV remain prevalent in pigs and cattle all over the world owing to the absence of reciprocal

protection among several FMDV serotypes (Haydon et al., 2001).

RNA interference (RNAi) is a post-transcriptional process initiated by double-stranded RNA

(dsRNA) homologous to a target gene sequence (Meister and Tuschl, 2004). Specific gene

silencing can also be triggered in mammalian cells by using synthetic short interfering RNA

(siRNA), and plasmid or virus-mediated short hairpin RNA (shRNA) (Elbashir et al., 2001;

Hammond et al., 2001; Paul et al., 2002; Michel et al., 2005; Kim and Rossi, 2007). The shRNA

was proposed as a therapy for suppressing the infection of FMDV in vitro and in vivo (Chen et al.,

2006; Kim et al., 2008). Recently, we extended that finding by producing genetically engineered

mice integrating shRNA targeting FMDV (Pengyan et al., 2008, 2010). The majority of transgenic

(TG) mice infected with FMDV were resistant to infection and showed only slightly abnormal

pathology compared with controls. Now, we report that TG pigs expressing siRNA against FMDV

are resistant to viral challenge.
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Results and discussion
We constructed a total of 10 shRNA expression vectors (Figure 1A) targeting viral structural protein

VP1 of FMDV type O and determined the efficacy of shRNAs for inhibiting FMDV replication in BHK

cells by real-time RT-PCR. The V3 shRNA reduced the expression of viral RNA by 96.8% compared to

scrambled control (Figure 1B). The V3 shRNA expression vector was used to generate TG pigs by

somatic cell nuclear transfer. A total of 42 pigs were born alive, eight of which survived at least 6

months. TG pigs contained the stably integrated transgene as evidenced by PCR (Figure 2A) and

green fluorescent protein (GFP) expression (Figure 2B and Figure 2—figure supplement 1). The

copy numbers of transgene were measured by real-time PCR. The copy numbers of the inserted

vector were calculated to be 3–11 (Figure 2C). Expression of siRNA in fibroblast cells isolated from

TG pigs was examined by custom TaqMan small RNA assays (Figure 2D). The siRNA expression in

TG 11, 19, 69 and 101 was 10–30-fold that from TG 24, 45, 49 and 78. After necropsy of TG 69 and

101, expression of siRNA was detected in various tissues, including heart, lung, spleen, liver, kidney

and muscle, although the siRNA levels were diverse among different tissues (Figure 2E).

Next, we tested shRNA transgene resistance to FMDV infection in fibroblast cells isolated from

high-siRNA TG (11, 19, 69 and 101), low-siRNA TG (24, 45, 49 and 78) and non-TG pigs. Compared to

non-TG cells, viral RNA expression was reduced by 30-fold in high-siRNA TG and 12-fold in low-siRNA

TG cells at 36 hr after virus challenge (Figure 3A). Inhibition of FMDV infection was a positive correlation

with siRNA expression in fibroblast cells (Figure 2B and Figure 3A). Moreover, TG fibroblasts visibly

reduced FMDV-induced cytopathogenic effects as compared with non-TG fibroblasts (Figure 3B).

The resistance of TG pigs to FMDV infection was further tested by intramuscular injection of

O serotypes of FMDV. The challenged animals included high-siRNA TG (11 and 19), low-siRNA TG

(24, 49 and 78) and non-TG pigs (n=5). Prior to the day of infection, no animal tested was positive for

FMDV. After FMDV challenge, all non-TG pigs developed high fever within 72 hr of challenge and

severe clinical signs of FMD, the appearance of vesicles on the feet and nose (Figure 4A and

Figure 4—figure supplement 1). All non-TG pigs became deteriorated and the lesion score reached

eLife digest Foot-and-mouth disease regularly causes serious outbreaks in livestock. The virus

that causes the disease can infect cattle, pigs, sheep, goats, and many species of wild animals; the

disease is also highly contagious and spreads very quickly and easily. To control the spread of foot-

and-mouth disease, farmers must often kill entire herds of animals that have been exposed. Wild

animals that can spread the virus may also be killed in an effort to stop the spread of the disease.

Vaccines that protect against foot-and-mouth disease are available and are often used to help

prevent the spread of the disease. However, once an outbreak of foot-and-mouth disease begins it

may be too late for vaccines to stop its spread. This is because the vaccines can take about a week to

provide protection, and by that time an exposed animal may already be very ill.

Previous work conducted in 2010 reported that mice could be genetically engineered to produce

short stretches of RNA molecules that can switch off genes from the foot-and-mouth disease virus.

Compared with normal mice infected with the foot-and-mouth disease virus, the genetically

engineered mice showed little sign of the disease in their bodies. Now, Hu, Qiao, Fu et al.—including

some of the researchers involved in the 2010 work—have genetically engineered pigs in the same

way. The experiments show that when cells from these pigs are exposed to the foot-and-mouth

disease virus in the laboratory, the virus grows much less than normal.

Next, Hu, Qiao, Fu et al. injected genetically engineered pigs and non-genetically engineered pigs

with the virus. All of the normal pigs developed severe symptoms very quickly, including the

disease’s characteristic mouth and foot sores. Additionally, examinations of these pigs’ cells showed

signs of the disease. But the genetically engineered pigs did not become seriously ill and their cells

showed little sign of the disease. Some of the genetically engineered pigs developed a few sores but

these sores appeared much later than normal. So far, the results suggest that it may be possible to

develop pigs that are resistant to foot-and-mouth disease. Hu, Qiao, Fu et al. will next determine

whether or not the genetically engineered pigs can pass the foot-and-mouth virus on to other pigs

and livestock.

DOI: 10.7554/eLife.06951.002
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24 at 5 d after challenge (Figure 4A and Figure 4—figure supplement 1). Some smaller vesicles

in low-siRNA TG (24, 49 and 78) pigs were also observed until 7 d after challenge, as shown in

Figure 4A. However, the body temperature of high-siRNA TG (11 and 19) pigs remained normal

throughout the experiment (Figure 4A and Figure 4—figure supplement 1). TG pigs 11 and 19

developed one small vesicle at day 9 of challenge, but TG pig 11 recovered soon on the next day

(Figure 4A). We subsequently quantified the viral genome RNA in the serum of the infected animals.

Consistent with the clinical signs data, the viral load in the serum of the high-siRNA TG and low-siRNA

TG pigs was lower than that in the non-TG pigs (Figure 4B). The viral RNA expression in serum was 42-

fold lower in the high-siRNA TG group than that in the non-TG pigs at day 10 of challenge.

All animals were killed on the 10th day post-infection, and major tissues including lesions were

collected for levels of virus RNA and histopathology analysis. Viral RNA was not detected in the heart,

lung, spleen, liver, kidney and muscle in the challenged TG pigs, but viral RNA still maintained high

levels of expression in lymph and lesions in the non-TG pigs, except heart, lung, spleen and liver

(Figure 4C). No viral RNA in the non-TG heart, lung, spleen and liver showed clearance of viral RNA

from the tissues, consistent with prior findings (Zhang and Alexandersen, 2004; Chen et al., 2006).

Furthermore, lesions, as a potential source of virus transmission by aerosol, were well known to be the

predominant tissue site of FMDV infection and amplification (Zhang and Bashiruddin, 2009; Dillon,

2011). Levels of viral RNA in foot lesions of TG pigs were much lower than those in the non-TG pigs

(Figure 4C), suggesting an encouraging result for blocking transmission.

Haematoxilin/eosin (HE) staining of major tissues revealed that non-TG pigs had severe abnormal

pathology compared to TG pigs. In particular, non-TG pigs showed multifocal necrosis in the liver, and

interstitial pneumonia and severe congestion in the lung (Figure 4D). None of the TG pigs showed

typical histopathological changes, except one case of interstitial pneumonia.

Figure 1. Design and screening of shRNA expression vector. (A) Schematic diagram of shRNA expression vector

(pXL-EGFP-NEO) used. This vector includes a mouse H1 RNase promoter driving ubiquitous expression of shRNA

and a cytomegalovirus-immediate early (CMV) promoter driving GFP and neomycin fusion expression. The arrows

denote the PCR primers spanning H1 promoter, shRNA and GFP elements used to identify transgene integration

in cloned pigs. (B) Relative expression of viral RNA in shRNA-transfected BHK cells. Data are means of three

replicates ±SD.
DOI: 10.7554/eLife.06951.003
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Figure 2. Analysis of shRNA transgene in cloned pigs. (A) PCR for detecting shRNA expression cassette. PCR products

spanned H1 promoter, shRNA and GFP cassette. P: plasmid as positive control. Non-TG: non-TG pig as negative control.

11, 19, 24, 45, 49, 69, 78 and 101: cloned pigs. (B) EGFP fluorescence of transgenic pigs. (C) The copy numbers of

transgene were determined by real-time PCR. (D) Analysis of siRNA expression in fibroblast cells of all transgenic pigs.

(E) Analysis of siRNA expression in various tissues of TG 69 and 101. Data are presented as means of three replicates ±SD.
DOI: 10.7554/eLife.06951.004

The following figure supplement is available for figure 2:

Figure supplement 1. Pictures of transgenic pigs and EGFP expression in the fibroblast cells.

DOI: 10.7554/eLife.06951.005
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Recently, Lyall et al. (2011) in Science reported that onward transmission of avian influenza in TG

shRNA chickens was prevented, although the TG chickens succumbed to the initial direct challenge,

leading to a strategy for controlling avian influenza outbreaks. Our results showed that the TG pigs

exhibited a marked resistence to FMDV infection after direct challenge. As encouraging as these

results are, an onward transmission experiment will be performed in the future when producing

enough high-siRNA TG pigs.

The most important threat caused by FMDV is the high speed of viral replication, short incubation

time, and high contagiousness. Although protective immune responses from vaccination against FMDV

Figure 3. shRNA transgene resistance to FMDV infection in fibroblast cells of transgenic pigs. (A) Relative expression

of viral RNA in fibroblast cells after FMDV infection. Data are presented as means ±SD. (B) Fibroblast cells were

observed for development of cytopathogenic effect by bright-field microscopy at 12, 24 and 36 hr post-infection.

DOI: 10.7554/eLife.06951.006
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Figure 4. Transgenic shRNA pigs resisted FMDV infection. (A) Clinical sign of TG and non-TG pigs challenged with

O serotypes of FMDV. Body temperature was detected every day after infection. Body temperature 38–39.5˚C

(no fever); body temperature up to 39.5–40˚C (mild fever); body temperature over 40˚C (high fever). Lesion score based

on the appearance of vesicles on the feet and nose (see ‘Materials and methods’). None of vesicles on the feet and

nose (−). (B) Relative expression of viral RNA in serum of the infected animals. Data are presented as means ±SD.
(C) Relative expression of viral RNA in various tissues of the infected animals. Data are presented as means ±SD. (D) HE
Figure 4. continued on next page
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can be efficacious, the rapidity of virus replication and spread can outpace the development of

immune defenses and overrun the immune system (Summerfield et al., 2009). Current FMDV vaccines

do not induce a protective response until 7 d post-vaccination (Barnett et al., 2002; Doel, 2003).

FMD signs in high-siRNA TG pigs in our study were delayed for at least 8 d after FMDV infection

(Figure 4A). siRNA expressed in TG pigs can also play a role as co-agent to induce rapid resistance

before routine vaccination can evoke protective immunity. TG siRNA pigs immunized with current

vaccines may achieve complete protection for an FMDV outbreak, which provides a novel strategy

for preventing FMD in a disease-free country.

The shRNA-based transgene strategy has substantial benefits over vaccination by offering potential

sub-serotype protection when using multiple-shRNA expression systems targeting different viruses

(Cong et al., 2010). Our findings demonstrate that RNAi technology combining animal cloning offers

the possibility to produce TG animal with improved resistance to viral infection.

Materials and methods

Design of shRNAs and plasmids
Conserved sequences such as the siRNA target site had been reported as an alternative strategy

preventing the escape mutants of virus (Dave and Pomerantz, 2004). Conserved target

sequences were selected from the viral structural protein VP1 gene by sequence alignment of O,

A and Asia 1 serotypes of FMDV. The shRNA was designed by using the Ambion website tool

(http://www.ambion.com/techlib/misc/siRNA_finder.html). These shRNA sequences are summarized

in Supplementary file 1. Oligonucleotides were annealed and cloned into the pXL-EGFP-NEO to

generate a series of shRNA expression plasmids (Figure 1A).

Screening of shRNAs for inhibiting FMDV infections
BHK cells were seeded in 24-well plates (CoStar, Cambridge, MA) the day before transfection to achieve

90% confluency. The cells were transfected with 2.5 μg shRNA expression plasmids using

Lipofectamine 2000 (Invitrogen, Carlsbad, CA). After 12 hr of transfection, the transfection

complex was removed and the cells were washed twice with DMEM. The transfected cells in per

well plates were then infected with 100 TCID50 of FMDV (OS/99 strain). After 1 hr of adsorption,

the inoculum was removed and the cells were washed twice with DMEM. The infection then

proceeded in DMEM supplemented with 2% fetal bovine serum. Virus samples were collected at

designated time points and frozen at −80˚C until assessment of viral RNA.

Real-time RT-PCR for viral RNA
Viral RNA was isolated using Trizol (Invitrogen) according to the manufacturer’s instructions.

From purified RNA, complementary DNA was synthesized using random hexamer primers and was

quantified by spectrophotometer at 260 nm. Real-time PCR was carried out using SYBR Green (TaKaRa

Biotech, Dalian, China) following the manufacturer’s protocol. The following primers were used for

FMDV VP1 gene amplification (VP1-F: 5′-TCA AGC CAA AGG AAC AAGT-3′; VP1-R: 5′-TAG ACG GTC

GCT AAG ACAC-3′). GAPDH served as an internal control. The ΔΔCt method was used for relative

quantification (Livak and Schmittgen, 2001).

Generation of TG pigs
Pig primary fibroblasts were isolated as previously described (Fan et al., 2013). The fibroblast

cells were transfected with linearized shRNA expression vectors, and then were split into 12-well

Figure 4. Continued

staining of tissue sections from non-TG and TG pigs. HE staining revealed that there was hepatic multifocal necrosis in

non-TG pigs and interstitial pneumonia and severe congestion in the lung of non-TG pigs.

DOI: 10.7554/eLife.06951.007

The following figure supplement is available for figure 4:

Figure supplement 1. Body temperature curve of all infected pigs.

DOI: 10.7554/eLife.06951.008
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plates at an appropriate dilution (2000 cells/well) for G418 selection (400 μg/ml; Promega,

Madison, WI) (Cong et al., 2010). G418-resistant and GFP-positive colonies derived from

individual cells were obtained after 14 d of culture. The positive cells were used for somatic cell

nuclear transfer as described previously (Li et al., 2009; Ni et al., 2014). Approximately 200–300

embryos were transferred into each surrogate pig. Cloned pigs were delivered by natural birth at

full term.

PCR analysis
Genomic DNA was isolated from ear biopsies of cloned pigs using the TIANamp genomic DNA kit

(Tiangen Biotech, China). Transgene integration was identified by PCR assays. PCR was performed on

400 ng of genomic DNA using specific primers (H1-F: TGT CGC TAT GTG TTC TGGG; GFP-R: TGT CTT

GTA GTT CCC GTC ATC) for amplifying shRNA and GFP expression cassette. PCR reaction consisted of

95˚C for 4 min; 30 cycles at 95˚C for 30 s, 57˚C for 30 s and 72˚C for 50 s; an extension at 72˚C for 5 min.

PCR products were analyzed by 1% gel electrophoresis.

Determination of transgene copy number
The copy numbers of transgenes were determined by real-time PCR as previously described

(Kong et al., 2009). Briefly, a standard curve was produced with series of standard samples containing

1, 2, 4, 8, 10, 12, 16 copies of the shRNA gene, respectively, by mixing the wild-type genome of pig with

shRNA expression vector. The absolute quantitative standard curve was drawn by plotting ÄCt

(ÄCt=CtshRNA−CtTFRC) against the log of shRNA gene copies of corresponding standard samples.

siRNA expression analysis
siRNA expression in TG pigs was determined by using TaqMan small RNA assays (Applied Biosystems,

Foster City, CA) (Chen et al., 2005). Small RNAs were isolated by using the mirVana miRNA isolation

Kit (Ambion, Austin, TX). Real-time RT-PCR was performed according to the manufacturer’s

instructions. Endogenous U6 was used as a RNA quality and loading control. The shRNA expression

was normalized to the expression of U6 using the 2−ΔΔCt method (Ct of shRNA–Ct of U6) (Livak and

Schmittgen, 2001).

In vitro challenge of TG fibroblasts
TG fibroblasts were isolated from ear biopsies of cloned pigs as previously described (Li et al., 2014).

The cells cultured in 96-well plates were inoculated with 100 TCID50 of O serotypes of FMDV (OS/99

strain). After 1 hr absorption, the inoculum was removed and the infection then proceeded in DMEM

supplemented with 2% fetal bovine serum. The infected cells were observed for cytopathic effects at

12, 24 and 36 hr post-challenge. Virus samples were collected at 36 hr post-challenge. Relative

expression of viral RNA was evaluated by real-time RT-PCR as described above.

Viral challenge assay in TG pigs
All experiments involving animals were conducted under the protocol (SU-ACUC-12031)

approved by the Animal Care and Use Committee of Shihezi University. Viral challenge was

performed with O serotypes of FMDV (OS/99 strain). The challenged pigs (10–13 months of age)

included high-siRNA TG (11 and 19), low-siRNA TG (24, 49 and 78) and non-TG controls (n=5).
Before virus challenge, all animals were confirmed as negative for FMDV infection. All animals

were housed in one room and challenged by intramuscular injection with 100 LD50 in 1 ml of

phosphate-buffered saline (PBS) in the neck area.

After challenge, animals were examined daily for clinical signs of FMD, including body temperature

and the appearance of vesicles on the nose, mouth and feet. Body temperature remaining at 38–39.5˚C

was defined as no fever, body temperature up to 39.5–40˚C was defined as mild fever, and body

temperature over 40˚C was defined as high fever. The lesion score was calculated by determining

the number and size of vesicles on the nose, mouth and feet of each animal; 1 cm of each vesicle

was recorded as 1, 2 cm were recorded as 2, and other larger vesicles were recorded as 3 (if on the

nose or mouth) or 6 (if on the feet). The observations were terminated on day 10 post-challenge

when the animals were killed.
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Quantification of serum viral RNA
Blood samples were collected at days 0, 1, 3, 5, 7, 9 and 10 after challenge. Total RNA was extracted

from blood and subjected to real-time RT-PCR as described above.

Histopathology analysis
All animals were killed on the 10th day post-infection, and major tissues were fixed in formalin for 10 hr

followed by routine paraffin sectioning and HE staining. Histopathological changes were observed

under microscope.
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Michel U, Malik I, Ebert S, Bähr M, Kügler S. 2005. Long-term in vivo and in vitro AAV-2-mediated RNA
interference in rat retinal ganglion cells and cultured primary neurons. Biochemical and Biophysical Research
Communications 326:307–312. doi: 10.1016/j.bbrc.2004.11.029.

Ni W, Qiao J, Hu S, Zhao X, Regouski M, Yang M, Polejaeva IA. Chen C. 2014. Efficient gene knockout in goats
using CRISPR/Cas9 system. PLOS ONE 9:e106718. doi: 10.1371/journal.pone.0106718.

Paul CP, Good PD, Winer I, Engelke DR. 2002. Effective expression of small interfering RNA in human cells. Nature
Biotechnology 20:505–508. doi: 10.1038/nbt0502-505.

Pengyan W, Jianjun J, Ning L, Jinliang S, Yan R, Chuangfu C, Zhiru G. 2010. Transgenic mouse model integrating
siRNA targeting the foot and mouth disease virus. Antiviral Research 87:265–268. doi: 10.1016/j.antiviral.2010.
02.319.

Pengyan W, Yan R, Zhiru G, Chuangfu C. 2008. Inhibition of foot-and-mouth disease virus replication in vitro and in
vivo by small interfering RNA. Virology Journal 5:86. doi: 10.1186/1743-422X-5-86.

Summerfield A, Guzylack-Piriou L, Harwood L, McCullough KC. 2009. Innate immune responses against foot-and-
mouth disease virus: current understanding and future directions. Veterinary Immunology and Immunopathology
128:205–210. doi: 10.1016/j.vetimm.2008.10.296.

Zhang Z, Alexandersen S. 2004. Quantitative analysis of foot-and-mouth disease virus RNA loads in bovine tissues:
implications for the site of viral persistence. The Journal of General Virology 85:2567–2575. doi: 10.1099/vir.0.
80011-0.

Zhang Z, Bashiruddin JB. 2009. Quantitative analysis of foot-and-mouth disease virus RNA duration in tissues of
experimentally infected pigs. The Veterinary Journal 180:130–132. doi: 10.1016/j.tvjl.2007.11.010.

Hu et al. eLife 2015;4:e06951. DOI: 10.7554/eLife.06951 10 of 10

Short report Microbiology and infectious disease

http://dx.doi.org/10.1128/JVI.80.7.3559-3566.2006
http://dx.doi.org/10.1007/s11259-010-9360-y
http://dx.doi.org/10.1128/JVI.78.24.13687-13696.2004
http://dx.doi.org/10.1128/JVI.78.24.13687-13696.2004
http://dx.doi.org/10.1098/rspb.2010.2430
http://dx.doi.org/10.1016/S0168-1702(02)00261-7
http://dx.doi.org/10.1038/35078107
http://dx.doi.org/10.1038/cr.2012.176
http://dx.doi.org/10.1128/CMR.17.2.465-493.2004
http://dx.doi.org/10.1128/CMR.17.2.465-493.2004
http://dx.doi.org/10.1038/35052556
http://dx.doi.org/10.1016/S0167-5877(01)00210-0
http://dx.doi.org/10.1038/nrg2006
http://dx.doi.org/10.1016/j.antiviral.2008.06.001
http://dx.doi.org/10.1371/journal.pone.0006679
http://dx.doi.org/10.1371/journal.pone.0006679
http://dx.doi.org/10.1016/S0264-410X(98)00445-9
http://dx.doi.org/10.1016/j.bbrc.2009.02.146
http://dx.doi.org/10.1038/cr.2014.15
http://dx.doi.org/10.1006/meth.2001.1262
http://dx.doi.org/10.1126/science.1198020
http://dx.doi.org/10.1038/nature02873
http://dx.doi.org/10.1038/nature02873
http://dx.doi.org/10.1016/j.bbrc.2004.11.029
http://dx.doi.org/10.1371/journal.pone.0106718
http://dx.doi.org/10.1038/nbt0502-505
http://dx.doi.org/10.1016/j.antiviral.2010.02.319
http://dx.doi.org/10.1016/j.antiviral.2010.02.319
http://dx.doi.org/10.1186/1743-422X-5-86
http://dx.doi.org/10.1016/j.vetimm.2008.10.296
http://dx.doi.org/10.1099/vir.0.80011-0
http://dx.doi.org/10.1099/vir.0.80011-0
http://dx.doi.org/10.1016/j.tvjl.2007.11.010
http://dx.doi.org/10.7554/eLife.06951


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Coated FOGRA27 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /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 (Coated FOGRA27 \050ISO 12647-2:2004\051)
  /PDFXOutputConditionIdentifier (FOGRA27)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on 'eLife'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /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
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (Coated FOGRA27 \(ISO 12647-2:2004\))
      /DestinationProfileSelector /WorkingCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


