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SURVEYOR is a new mismatch-specific plant DNA en-
donuclease that is very efficient for mutation scan-
ning in heteroduplex DNA. It is much faster, cheaper,
more sensitive, and easier to perform than other “tra-
ditional” mutation detection methods such as single-
strand conformation polymorphism analysis, dena-
turing high-performance liquid chromatography,
heteroduplex analysis, and phage resolvases. This is
the first comprehensive report on the use of SUR-
VEYOR for screening genes implicated in a spectrum
of inherited renal diseases. Of the 48.2 kb screened,
44 variations were identified, accounting for one vari-
ation per 1.1 kb. The re-sequencing of multiple sam-
ples did not reveal any variation that had not been
identified by SURVEYOR, attesting to its high fidelity.
Additionally, we tested this enzyme against 15 known
variants, 14 of which it identified, thus showing a
sensitivity of 93%. We showed that the genetic heter-
ogeneity of renal diseases can be easily overcome
using this enzyme with a high degree of confidence
and no bias for any specific variations. We also
showed for the first time that SURVEYOR does not
demonstrate any preference regarding mismatch
cleavage at specific positions. Disadvantages of using
SURVEYOR include enhanced exonucleolytic activity
for some polymerase chain reaction products and
less than 100% sensitivity. We report that SUR-
VEYOR can be used as a mutation detection method
with a high degree of confidence, offering an excellent
alternative for low-budget laboratories and for the
rapid manipulation of multiple genes. (J Mol Diagn
2009, 11:311–318; DOI: 10.2353/jmoldx.2009.080144)

SURVEYOR is a new mismatch-specific plant DNA endo-
nuclease that is very efficient in scanning for known or
unknown mutations and other variants in heteroduplex
DNA. It is a member of the CEL family of plant endonucle-
ases, classified as CELII, that cleave DNA with high
specificity at sites of mismatches as a result of base

substitutions or other distortions.1,2 These DNA endo-
nucleases cut both strands of a DNA heteroduplex on the
3� side of the mismatch.3,4

CELI nuclease has been used more widely than
SURVEYOR (CELII), probably because the latter became
commercially available (Transgenomics, Crewe, UK) dur-
ing the last few years. Despite this, many papers refer to
SURVEYOR as a very efficient method for mutation de-
tection in human (see below) as well as non-human5,6

genes for screening of induced point mutations (TILLING) in
several organisms,7–9 for detecting heteroplasmy,10,11 and
for clone sequence validation.12 Its application to human
genetic disorders resulted in the discovery and description
of many novel mutations in genes such as BRCA1, 1,2,13

EGFR,14 JAK2,15 hCDC4,16 ATRX,17 mitochondrial
genes,10,11 ABCC6,18 p53,19 NPHS2,20 TP53,21 COL4A3,
and COL4A4.22

There are advantages of SURVEYOR compared with
other traditional mutation detection methods like single-
strand conformation polymorphism analysis, denaturing
high-performance liquid chromatography, and heterodu-
plex analysis. There is detection of all types of base
substitution and insertion/deletion mismatches; cleavage
fragments provide information about the location of the
mutation; and multiple cleavage products indicate the
presence of more than one variant. There is mutation
detection in very long DNA fragments when combined
with Southern blotting (600 kb has been tested success-
fully).3 There is the possibility of pooling polymerase chain
reaction (PCR) products, thereby improving throughput.
Limited experience is required, and analysis can be per-
formed on different platforms. According to our and oth-
ers’ experience, SURVEYOR is a much better mismatch
cleavage enzyme than phage resolvases because the
latter produce many nonspecific bands, are size-limited,
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and additional experience is required for experiment
assessment.20,22–26

Our laboratory specializes in the genetics of inherited
kidney diseases. Due to the fact that the number of
responsible genes for inherited renal conditions is very
large and is still increasing, a fast, cheap, and easy
method for mutation detection like SURVEYOR can solve
a lot of problems, especially within the environment of a
clinical diagnostic setup. This is a means to accelerate
both diagnostic and research procedures. In this study,
we summarize our results of the last 5 years using SUR-
VEYOR nuclease for mutation detection in eight kidney-
specific genes. These genes are responsible or have
been selected as candidates for the genetic defect in
renal diseases (Table 1): ACTN4,27 TRPC6,28,29

COL4A3, COL4A4,22 NEPH3 (ENSG00000126259), WTIP
(ENSG00000142279) for focal segmental glomeruloscle-
rosis; COL4A3/COL4A430,31 for thin basement membrane
nephropathy; NCUG1 (ENSG00000198715) for medullary
cystic kidney disease 132; NPHS233,34 for steroid-resis-
tant nephrotic syndrome in children. We found a sum of
44 genetic variants in the above genes. We classified
these variations according to the type of nucleotide
change, the nucleotide mismatch pairs, the efficiency of
enzymatic cleavage, and their position in the PCR prod-
uct to reveal the properties of SURVEYOR and its effi-
ciency for mutation screening in these genes.

Materials and Methods

Blood Samples – DNA Extraction

All blood samples were collected in tubes with EDTA as
anticoagulant and sent to our laboratory for research

purposes accompanied by signed consent forms ap-
proved by the Cyprus National Bioethics Committee.
Most patients presented with symptoms suggestive of
inherited glomerulopathies such as steroid-resistant
nephrotic syndrome (resistance proved on treatment),
focal segmental glomerulosclerosis, and thin base-
ment membrane nephropathy on biopsy. Patients with
medullary cystic kidney disease belonged to families
that were genetically linked to the MCKD1 locus
(1q.21) and analyzed specifically for mutations in the
NCUG1 as a candidate. The DNA was isolated by one
of two methods, either using a salting out procedure35

or using the QiaAmp DNA blood Mini Kit (Qiagen,
Hilden, Germany).

PCR Amplification

In appropriate patients, exons of TRPC6 (one patient, one
control), NEPH3 (three patients, one control), WTIP (three
patients, one control), COL4A3 (10 patients, two con-
trols), COL4A4 (five patients, one control), NCUG1 (two
patients, one control), and NPHS2 (24 patients, two con-
trols) were amplified using exon flanking primers (for
primer sequences and conditions see Supplementary
Tables S1–S7 at http://jmd.amjpathol.org.). The oligonu-
cleotide primers were designed to encompass single or
multiple exons as well as at least 60 bp of splice junctions
and intronic sequences (Primer 3 software, http://
frodo.wi.mit.edu/, last accessed March 24, 2008). ACTN4
was amplified (three patients, one control) through a
cDNA approach.27 As expected, some patients were
screened for mutations in multiple genes. A 50-�l PCR
reaction was set up with 10 ng of genomic DNA, 10 to
15 pmol each of forward and reverse primer, 1 unit of

Table 1. Genes Studied, Encoded Proteins, and Related Diseases

Gene Chromosome Protein Function Related disease

ACTN4 (NM_004924) 19q13.1 �-actinin-4 Actin-linked protein Focal segmental glomerulosclerosis
(AD)

TRPC6 (NM_004621) 11q22.1 Transient receptor
potential channel 6

Ca2� channel Focal segmental glomerulosclerosis
(AD)

NPHS2 (AJ279254) 1q25.2 Podocin Part of the slit
diaphragm of
podocytes

Focal segmental glomerulosclerosis,
steroid resistant nephrotic
syndrome in children (AR)

NEPH3 (NM_032123) 19q13.1 Nephrin-like protein 3
(kirrel-2)

Part of the slit
diaphragm of
podocytes and also
found in �-islets of
pancreas

No pathology has been associated

WTIP (XM_059037) 19q13.1 Wilm’s tumor 1 interacting
protein

Interacts with WT1 and
possibly acts also as
a transcription factor

No pathology has been associated

NCUG1 (NT_079484) 1q23.1 Kidney predominant
protein

Unknown No pathology has been associated

COL4A3 (NM_000091) 2q36.3 Collagen IV chain �3 Basement membranes
network (glomerulus,
eyes, cochlea)

Alport syndrome (AR), thin basement
membrane nephropathy (AD),
focal segmental glomerulosclerosis
(AD)

COL4A4 (NM_000092) 2q36.3 Collagen IV chain �4 Basement membranes
network (glomerulus,
eyes, cochlea)

Alport syndrome (AR), thin basement
membrane nephropathy (AD),
focal segmental
Glomerulosclerosis (AD)

AD, autosomal dominant; AR, autosomal recessive.
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AmpliTaq DNA polymerase (Roche, Mannheim, Ger-
many), 0.2 mmol/L deoxyribonucleotide triphosphates
and 10X appropriate PCR buffer (including MgCl2 for
final reaction concentration, 1.5 mmol/L). PCR prod-
ucts that required dimethyl sulfoxide were amplified by
TaqExpress polymerase, 2 units per reaction (Genpak,

Falmer, Brighton, UK). SURVEYOR efficiency is not
altered by a dimethyl sulfoxide concentration of up to
5%. PCR amplification was performed in an Eppendorf
(Eppendorf, Hamburg, Germany) or Biometra (Biome-
tra, Gottingen, Germany) thermal cycler by cycling for
30 to 40 cycles depending on the amplicon.

Table 2. Mutations and Other Variants Found with SURVEYOR Technique

No. Type of variant/gene Nucleotide change Exon /intron PCR size (bp)
Variant position in

PCR product

MUTATION
COL4A3

1 G871C c.2611 G�T Exon 32 298 179
2 G1334E c.4001 G�A Exon 45 447 147

COL4A4
3 c.3854delG (frameshift at

Ser1217, stop at 1287)
Exon 39 500 142

NPHS2
4 L305P c.914 T�C Exon 8 490 145

VARIANT
NCUG1

5 P203S c.607 C/T Exon 4 419 120
6 I223V c.667 A/G Exon 4 419 181

NPHS2
7 5� UTR (	116C/T) Promoter region 639 512
8 5� UTR (	51G/T) Exon 1 639 577
9 G34G c.102 A/G Exon 1 442 181

10 A318A c.954 C/T Exon 8 490 185
11 3� UTR (�54G/C) Exon 8 490 437

COL4A3
12 IVS5�73C/T Intron 5 374 240
13 P141L c.422 C/T Exon 7 407 176
14 E162G c.485 A/G Exon 9 287 138
15 IVS15�30G/A Intron 15 290 164
16 IVS17	80T/C Intron 17 403 115
17 K834R c.2501 A/G Exon 32 298 69
18 IVS41	110T/G Intron 41 477 81
19 IVS42�66C/T Intron 42 477 440
20 Q1495R c.4484 A/G Exon 49 621 137
21 IVS50	67delA Intron 50 377 44

COL4A4
22 P482S c.1444 C/T Exon 21 300 166
23 G545A c.1634 G/C Exon 23 250 109
24 L1004P c.3011 T/C Exon 33 271 80
25 G1198G c.3594 G/A Exon 39 500 90
26 K1228K c.3684 G/A Exon 39 500 180
27 IVS40�9G/C Intron 40 500 414
28 IVS41�34T/C Intron 41 295 257
29 M1327V c.3979 A/G Exon 42 395 144
30 P1360P c.4080 A/G Exon 42 395 245
31 IVS43	36G/A Intron 43 313 38
32 P1403S c.4207 C/T Exon 44 313 190
33 IVS44	24C/T Intron 44 279 55
34 V1516V c.4548 A/G Exon 47 492 136

ACTN4
35 P179P c.537 G/A Exon 5 589 290

TRPC6
36 IVS3	100G/A Intron 3 427 60
37 N561N c.1683 T/C Exon 6 407 263
38 IVS10	138C/T Intron 10 457 81
39 IVS12	(20_22delCTT) Intron 12 316 56

NEPH3
40 A170T c.508 G/A Exon 4 577 80
41 A351A c.1053 G/T Exon 8 590 218
42 V353M c.1057 G/A Exon 9 590 307

WTIP
43 Promoter region G/C (79692)* 573 133
44 IVS4	8G/C Intron 4 794 556

Nucleotide number 1 is the A of the first ATG codon of translation.
*Nucleotide coordinate according to AC008747 locus (NCBI).
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SURVEYOR Nuclease Digestion and Analysis by
Agarose Gel Electrophoresis – DNA Sequencing

After the final PCR extension, we added the following
extra step of melting and reannealing to enhance the
formation of DNA heteroduplexes: 95°C for 5 minutes,
renature by cooling to 65°C for 30 minutes and 25°C for
30 minutes. For NPHS2 gene for which recessive muta-
tions could exist, PCR products were mixed with an ap-
proximately equal amount of PCR product from wild-type
DNA (before the denaturation-reannealing step) before
forming cross-hybridized sequences to facilitate hetero-
duplex formation. Quality and quantity of PCR products
were assessed by running the products in 1.5% routine
agarose gels that contained ethidium bromide and visu-
alizing under ultraviolet light illumination. Three to 16 �l of
the PCR product was mixed with 0.5 �l of Enhancer and
0.5 �l of SURVEYOR enzyme (Transgenomics, Crewe,
UK) and incubated at 42°C for 20 minutes followed by

adding 10X stop solution as per the manufacturer’s pro-
tocol. Positive and negative mismatch controls, provided
by the manufacturer, were included in each digestion set.
Some PCR products were incubated for less than 20 min-
utes because exonucleolytic activity of SURVEYOR was
evident, which resulted in DNA degradation. The digestion
result was examined by electrophoresis (7.5 V per cm of gel
length) on high-resolution Eurobio 3:1 agarose gels, 2–3%
density depending on the PCR product size. Ethidium bro-
midewas not incorporated in the gels, but they were stained
in 1 L of distilled water containing 0.8 mg of ethidium bro-
mide for 45 minutes, followed by 5 minutes of distaining in
distilled water after the end of electrophoresis. This proved
to be a better staining procedure for visualizing short and
faint DNA fragments. For ultraviolet visualization we used
G-Box of SynGene (Cambridge, England) and GeneSnap
software (version 6.07) of the same company.

If cleavage was evident, DNA sequencing was per-
formed using a kit for dye terminator cycle DNA se-

Figure 1. A: Examples of SURVEYOR nuclease single heteroduplex cleavages. Appearance of extra bands in the electrophoresis picture is a sign for a variant.
Usually one additional band appears below the original intact PCR product for single nucleotide substitutions or single indels (arrowheads). False positives are
rare. The “cleavage strength” is not the same for different variants. The sequencing chromatograms placed next to the agarose gel images correspond to a
homozygous sample (top) and to a heterozygous sample (bottom) for the sequence variant. Arrows point to the heterozygous sequence. B: Detection of
multiple mismatches within the same DNA fragment of 500 bp. Shown is an example of a DNA fragment representing exon 39 and flanking sequences of COL4A4
where three mismatches result in multiple cleavages and a rather complex electrophoretic pattern. Adding to the complexity is the inherent weakness of the
enzyme to proceed to complete cleavage of each mismatch. Careful inspection of the gel allows deduction of number of cleavages and position of mismatches.
Very small bands are not visible, either because they are too faint or they run off.

Table 3. Type of Nucleotide Changes Detected by SURVEYOR Endonuclease

Genotype Mismatches Number % Type 1* Type 2* Variant at CpG† Transitions

C/T G-T 32 72.7 11 21 10 (24.4%) 32 (78%)
G/A A-C
A/C G-A 4 9.1 1 3 N/A N/A
T/G C-T
A/T A-A 0 0.0 0 0 N/A N/A

T-T
G/C G-G 5 11.4 1 4 N/A N/A

C-C
Small deletions 3 6.8 1 2 N/A N/A
Sum 44 100 14 30

*Arbitrary classification of SURVEYOR digest grade. Type 1, “strong” digestion; type 2, “weak” digestion.
†Variants that can putatively be explained as transitions of C to T.
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quencing (Beckman Coulter) and fractionated on an
automatic DNA sequencer (CEQ2000, Beckman
Coulter). Sequences were aligned against the refer-
ence sequence, according to Ensembl database, us-
ing BioEdit software that utilizes the ClustalW algorithm
to perform multiple alignments.36 The entire coding
regions of ACTN4 and NPHS2 were directly sequenced
for three and 12 patients, respectively, to check for any
undetected variants.

Results and Discussion

Identification of mutations in genetically heterogeneous kid-
ney diseases is a difficult task, as the responsible gene can
be one among several. Some examples are primary focal
segmental glomerulosclerosis (three genes: ACTN4,
TRPC6, CD2AP); nephrotic syndromes in children (five
genes: NPHS1, NPHS2, WT1, PLCE1, LAMB2); and
nephronophthisis (nine genes: NPHP1-9). Here we show
that exhaustive screening with SURVEYOR strategy
can be routinely used in diagnostic and research lab-
oratories when common or known mutations have al-
ready been ruled out. The efficiency of this procedure
is attested by the 44 variations we identified (41 single-
base substitutions and three small deletions; Table 2).
Five of them are novel.22

Only nine of the 41 single-base substitutions were
transversions, representing 22%, transitions representing
the rest, thereby giving a ratio of 1:3.6 (Table 3); accord-
ing to the literature, random mutations can be divided into
transversions and transitions in a 1:2 ratio. Biological data
sets tend to have a strong bias toward transitions due to

Figure 2. A: Fifteen known genetic variants (Table 4), most of them related
with renal diseases, were tested with SURVEYOR to evaluate its sensitivity.
Fourteen of them were successfully detected. The undetected one was
c.3533delC – COL4A3 mismatch that failed to be cleaved by SURVEYOR
(lanes 17 and 18; see text). Based on these results, sensitivity of SURVEYOR
can be estimated at 93% (14 of 15). Samples were electrophoresed on 3%
Eurobio 3:1 agarose gels. Zygosity status of each sample was known from
previous investigations in our laboratory. Apparently sample 23 was het-
erozygous at more than one location (not sequenced). G & C, homozygous
controls (provided by supplier of SURVEYOR); G/C, heterozygous control
(provided by supplier of SURVEYOR); MW, 100-bp molecular weight ladder.
B: Another demonstration of the failure of SURVEYOR to detect c.3533delC –
COL4A3mutation in COL4A3 exon 41, this time with more enzyme and more
PCR product (chromatograms show the reverse sequence; deleted is one of
the underlined bases). Lane 1, normal exon 41; lane 2, mutated exon 41; lane
3, SURVEYOR positive control; lane 4, SURVEYOR negative control. MW,
100-bp molecular weight ladder.

Table 4. Information about the 15 Known Genetic Variants
Tested for Detection with SURVEYOR

Lane
no. Gene Variant

Zygosity status and
variant type

1 ADAMTS1 A227P Heterozygous G/C
2 ADAMTS1 Homozygous G/G
3 ATP6V1B1 R157C Heterozygous C/T
4 ATP6V1B1 Homozygous C/C
5 MTHFR A222V Heterozygous C/T
6 MTHFR Homozygous T/T
7 HFE C282Y Heterozygous G/A

variant;
homozygous for
IVS3-48G; see
sample 8 below

8 HFE IVS3-48G/A Heterozygous G/A
variant;
homozygous for
C282; see sample
7 above

9 HFE H63D Heterozygous C/G
10 HFE Homozygous C/C
11 SLC3A1 T216 mol/L Heterozygous C/T
12 SLC3A1 Homozygous C/C
13 SLC3A1 M467K Heterozygous T/A
14 SLC3A1 Homozygous T/T
15 SERPINE2 IVS8 � 111A/G Heterozygous A/G
16 SERPINE2 Homozygous A/A
17 COL4A3 c.3533delC Heterozygous delC
18 COL4A3 Homozygous wild

type
19 COL4A5 IVS32-11G/A Heterozygous G/A
20 COL4A5 Homozygous G/G
21 COL4A5 c.3075delT Heterozygous delT
22 COL4A5 Homozygous wild

type
23 MYH9 rs4821480 Heterozygous T/G
24 MYH9 Homozygous T/T
25 ATP6V1B1 IVS7 � 1G�T Heterozygous G/T
26 ATP6V1B1 Homozygous G/G
27 MYH9 rs4821481 Heterozygous T/C
28 MYH9 Homozygous T/T

Lane number in column 1 refers to the results shown in Figure 2A.
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DNA methylation, chemical differences between bases,
and differences in DNA repair efficiency for different
types of nucleotide mismatches. In the mouse roughly
66.7%37) and in the rat 78.4% are transitions,5 whereas in
other reports for humans 64% are transitions.38 Our data
here show a similar bias toward transitions (78%). It is not
likely that this bias is a result of a decreased sensitivity of
SURVEYOR for certain mismatches, since results ob-
tained for CELI1,9 and SURVEYOR (CELII)4 show that all
possible heteroduplex mismatches are recognized
equally efficiently by these enzymes. Also, it should be
noted that 10 of 41 (24.4%) single-base substitutions
identified here can putatively be explained as transitions
of C to T, at CpG dinucleotides, that are known to be
mutation hot spots through deamination and methylation
of cytosine residues (Table 3). These variations are
equally distributed in collagenous (which contain the
characteristic Gly-X-Y repeating motif) and non-collage-
nous genes of our study, despite the fact that collagen
genes are rich in G and C nucleotides (GC content in
coding regions: 59% for COL4A4 and 56% for COL4A3)
owing to their collagenous sequence of Gly-X-Y, with
glycine (GGN) as every third residue while X and Y are
frequently prolines (CCN).

Our results show that SURVEYOR can detect all kinds
of potential single-nucleotide substitutions. The efficiency
of cleavage varies but does not seem to be related to the
kind of mismatch. “Strong” cleavages and “weak” cleav-
ages can be found in all categories of heteroduplexes
(Table 3 and Figure 1A). Some researchers report that
this enzyme can detect mutations that were difficult to
see by denaturing high-performance liquid chromatogra-
phy,17 and others report that it can detect heterodu-
plexes representing as little as 3% of the substrate.39 Due
to the fact that SURVEYOR does not cleave completely
the PCR substrate,4 the number and intensity of the
cleavage fragments can vary when more than one mis-
matches exist within the same PCR product. As very short
cleavage fragments are difficult to detect in agarose gels,
resulting assessment is through the detection of the
larger of the resulting DNA fragments. In Figure 1B we
show the digestion of a PCR product with three variations,
with all of the cleavage and fragment combinations pre-
dicted, beside the viewable ones in the agarose gel.
Hence, investigators using SURVEYOR must be pre-
pared for these cleavage patterns in DNA fragments with
multiple variations. Notwithstanding the rather complex
pattern expected, the location of the variations can be
predicted quite accurately (Figure 1).

Unfortunately, SURVEYOR and related enzymes like
CELI cannot identify 100% of the genetic variants. Otto et
al40 found a sensitivity of 92% for CELI (automatic fluo-
rescent detection by WAVE system), checking for 79
known mutations in NPHP genes (the catalogue of de-
tected mutations is not given), and Scaffino et al41 found
a sensitivity of 90% (3/3 deletions, 2/2 insertions, and
12/14 single-base substitutions; detection through Euro-
bio 3:1 agarose gels). The effectiveness of the enzyme
may depend on the sequence, but the exact factors are
not known.

To assess the sensitivity of this enzyme in the search
for unknown variants, we performed a separate experi-
ment where we tested for 15 previously reported DNA
variants that included different kinds of heteroduplexes,
most of them on kidney-related genes. SURVEYOR de-
tected 14 of the variants, thereby providing a detection
rate of 93% (Figure 2A and Table 4). Surprisingly, the
undetected variant was a single-nucleotide deletion, the
pathogenic mutation c.3533delC – COL4A3 (autosomal
Alport syndrome42). This particular mutation was resistant
to detection even when adding more enzyme or increasing
digestion time or using PCR products with alternative primer
sets (for alternative primer sets and conditions see Supple-
mentary Table 6 at http://jmd.amjpathol.org). DNA se-
quencing of exon 41 allowed us to detect the above
deletion in a heterozygous sample, thus confirming
that there was no dropout of the mutant allele during
amplification (Figure 2B).

To our knowledge, this is the first time that a single
nucleotide deletion proves to be refractory to detection
by SURVEYOR. Heteroduplexes formed as a result of
indels, compared with single base substitutions, are
thought to be more easily detectable by enzyme mis-
match cleavage methods due to the fact that any hydro-
gen bonds between the DNA strands are completely
absent at the mismatch locus. Apparently, factors such
as specific nucleotide mismatches and neighboring se-
quence effects can determine the effectiveness of these
enzymes. On the other hand, our experience showed that
Eurobio 3:1 agarose gels are very effective for the detec-
tion of cleavage fragments when using appropriate

Figure 3. Schematic mapping of the 44 sequence variants identified here,
according to their position in the respective PCR product. For any PCR
product with a detectable variant sequence shown on the y axis, the x axis
presents the distance of the mismatch from the nearest end of the respective
PCR DNA fragment, converted to a percentage scale (dark line). For example,
the DNA fragment with variant 7 in this figure (corresponding to variant 40
of Table 2) harbored a mismatch very close to one of the ends, hence nearly
14% distance from the nearest end. The nuclease does not seem to have bias
for cleaving at specific locations across the DNA fragment. Numbers of
variations (y axis) do not correspond with those of Table 2 because they have
been sorted solely based on the position of the mismatch within the partic-
ular PCR product. See text for further explanation.
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amount of the digested PCR product; automatic fluores-
cent analysis probably does not offer significant advan-
tages. As mentioned previously, Otto et al40 and Scaffino
et al41 found similar enzyme sensitivity using different tech-
niques. As regards the correct targeting of the SURVEYOR
enzyme, we had only two false positive results, one for
exon 8 of the WT1 (Wilm’s tumor 1) gene and one for the
exon 48 of the COL4A4 gene, where our impressions for
cleavage by SURVEYOR were not substantiated on DNA
re-sequencing (not shown).

Caution should be exercised in regard to the enzyme’s
occasional strong exonucleolytic activity. The Enhancer
reagent provided by the commercial supplier (Trans-
genomics, UK) is not protective enough for some PCR
products. Perhaps the exonucleolytic activity, like the
endonucleolytic one, depends on the DNA sequence. In
our hands, shorter incubation time and preparing reac-
tions fast on ice can reduce adequately the exonucleoly-
sis. Both activities of SURVEYOR are well preserved dur-
ing long storage times at 	20°C. The enzyme was
effectively used in our laboratory even after 3 years of
storage time.

The location of the 44 variations in relation to the near-
est end of the PCR product is represented in percentage
values in Figure 3. It is obvious that there is not any
“preference” of SURVEYOR for cleaving mismatches at
the ends or in the middle of the PCR products. The
positions of the identified variations are equally distrib-
uted in a continuous spectrum throughout the entire se-
quence of the PCR products (Figure 3).

In conclusion, we showed that using only conventional
equipment belonging to a basic laboratory and commer-
cially available reagents, the SURVEYOR nuclease can
detect cheaply and fast a high percentage of DNA vari-
ations. This method may be an excellent alternative ap-
proach for mutation screening for inherited diseases with
increased genetic heterogeneity, like many renal dis-
eases, thus enhancing the diagnostic procedures. Genes
with multiple exons, like COL4A3/COL4A4, which are very
close to each other (accounting for 100 exons; both
genes must be screened), can be handled effectively
with this enzyme. In a total of 48.2 kb, mostly coding DNA
sequences (328.5 kb when accounting for multiple sam-
ples) screened for mutations in this study, 44 variations
were found, hence one variation per 1.1 kb. The re-
sequencing of multiple PCR products after evidence for
cleavage did not detect any variation that had not been
identified by the SURVEYOR enzyme, attesting to its high
but certainly not absolute fidelity. We validated further the
effectiveness of the enzyme by re-sequencing of the
entire coding regions of ACTN4 and NPHS2 genes in
three and 12 patients, respectively. We did not find any
variations not detected by SURVEYOR. The SURVEYOR
enzyme does not seem to present any bias for detecting
a particular DNA variation; rather it demonstrates unique
advantages and robustness. However, despite our con-
fidence in this approach, we should also note that our
own experience demonstrates that the efficiency is not
100%, as evidenced by missing mutation c.3533delC in
the COL4A3 gene. Finally, to our knowledge our work is
the first presentation of data regarding the systematic use

of this enzyme for mutation screening and identification in
eight genes mutated in inherited kidney diseases.
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