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Abstract
Many approaches to high-throughput genomic mapping and sequencing rely on variations of PCRbased assays. Principal among these are radiation hybrid mapping, STS content mapping, and
transposon mapping. When applied on a genome-wide basis, the scope of the projects requires that
the assays be automated to the greatest extent possible. In the following manuscript, the application
of various types of PCR -based assays will be presented together with brief descriptions of the
various approaches to large-scale implementation. A detailed discussion of the approach to
automation of PCR -based transposon mapping as used in our laboratory will then be presented.

Introduction
There are at least four classes of experiments in modem genomics in which thermocycling
protocols play a fundamental role. The first class of projects is one in which single-copy probes
with a unique DNA sequence are screened against either large-insert clone libraries or radiation
hybrid panels with the purpose of developing physical maps (ordered, cloned representations of
large genomic regions or whole genomes). The second type of experiment is one in which
polymorphic genetic markers are screened against family pedigrees for the purpose of constructing
genetic linkage maps. The third group includes experiments in which the size of the PCR products
generated against specific libraries is measured for use in subsequent map assembly. The fmal
category involves the analysis of sequencing reactions in which the chain termination events are
generated using thermostable enzymes. The first three classes of experiments include assays of
large sets of clones, particularly when employed in projects of the scale associated with genome
mapping and sequencing projects. The present paper describes a program in the Lawrence
Berkeley National Laboratory (LBNL) Sequencing Center directed towards the automation of a
subset of these assays.

Background
Physical mapping experiments were historically initiated using fingerprinting approaches in which
clones with large inserts were examined using restriction enzymes and sizing gels.[l] Restriction
enzymes cleave double-stranded DNA at predetermined sites characterized by a short sequence
which is specific to the particular enzyme. A large DNA segment that has been digested with a
particular restriction enzyme will be broken into fragments of arbitrary lengths depending upon the
relative positions of the recognition patterns of the enzyme. Clones that represent similar genomic
regions are identified as those that share common patterns of restriction fragment lengths. These
patterns can be determined by running the digested samples on an agarose electrophoresis gel to
determine the length distribution of the fragments.

An alternate approach is one that employs markers which consist of short segments of DNA of
known sequence present in a particular genomic region. Any unique sequence can function as one
of these sequence tagged sites (STS).[2-3] An STS-content assay is performed by constructing a
pair of PCR primers which bracket the unique STS sequence. PCR assays can then be used to
establish the presence or absence of this sequence in clones generated from a large genomic region.
Cloned inserts that share a unique sequence must overlap. Assays using the polymerase chain
reaction (PCR) have been developed to screen both pools of recombinant clones or radiation hybrid
panels in order to develop high-resolution maps of the whole human genome. Recombinant
libraries used for this purpose have been generated from yeast artificial chromosomes (YACs),
bacterial artificial chromosomes (BACs), or other bacterial vectors such as Pls. Radiation hybrid
panels are generated by using ionizing radiation to randomly sheer the entire human genome. The
fragments are then introduced into cultured rodent cells. The human fragments are retained in a
random fashion and stabily maintained in subsequent cell divisions. The utility of this radiation
panel for mapping is based on the fact that segments of the human genome that are adjacent in
human chromosomes tend to be "inherited" together more frequently in the rodent cell lines than
regions that are not adjacent in the human genome. A simple PCR test can identify unique
sequences that are artificially inherited in this fashion.
The use of single copy probes assayed by PCR requires only the identification of an appropriately
amplified DNA fragment. The challenge in the assay is to determine the actual amplification as
distinct from those that are artifactual. Two approaches have been employed for this purpose. The
most common is the use of low-resolution agarose sizing gels with the demand that the size of the
amplified fragment match that of the control. A second approach is the use of a hybridization-based
assay in which the amplified fragment must contain sequences that can react under conditions of
high stringency with a labeled single copy probe.
First generation mammalian genotyping used molecular mapping that was based on the segregation
of restriction fragment length polymorphism (RFLPs) among individuals within a given inheritance
pattem.[4] Such experiments suffered from the disadvantage that the assays required DNA blot
hybridization steps that are difficult to automate. The second generation genetic mapping
procedures were based on the identification and characterization of simple dimer repeat sequences
(e.g. CA- repeats) that are scattered through mammalian geiiomes with great frequency and shown
to be highly polymorphic by size. The number of repeats tend to vary in a fashion that can be easily
scored using fluorescence detection on acrylamide gels.[5,6]
A third common class of PCR based assay is one that evaluates the size of the PCR based product.
An example of this class of experiment is one in which PCR is used to develop a map that
represents the localization of transposon insertions that can be used as initiating points for primerbased sequencing in a limited target. [7] In these cases the site of transposition is determined by
evaluating the length of the product generated by mapping the distance between a fixed site in the
plasmid and a fixed site in the transposon. In this way a minimal set of sequencing targets can be
determined in an ordered fashion and sequencing takes on a directed nature.
Finally, the use of fluorescent DNA sequencers have dramatically and positively altered the ability
of groups to sequence large genomic regions. While thermocycled protocols are not an absolute
necessity, it is clear that many groups use thermostable polymerases for a substantial fraction of
their efforts to obtain sequencing chain termination events from rapidly purified DNA templates.
These sequencing ladders can then be analyzed and evaluated using laser-based detection methods
that scan separations based on acrylamide gels. Although this technology is primarily used for the
generation of fmal sequence reads in large-scale genomic sequencing projects, it is also used to
detect repeat sequences used in the genotyping experiments mentioned above.
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Automation of STS and Transposon Mapping Using Gel-Assays
At LBNL, our sequencing approach requires that we perform PCR assays for both STS content
and transposon insertion mapping. The former assay requires only that the presence or absence of
a PCR product be established. The latter involves the determination of the absolute size of the
products. At the present level of implementation, we are performing approximately 10,000 gelbased STS assays and transposon analyses weekly. This supports a total sequencing rate of 5
megabases per year. Planned scale-up of at least one order of magnitude beyond this requires that a
significant level of automation be achieved.
The biological basis for the two mapping processes are illustrated in Figure 1. In the case of STS
mapping, the goal is to determine the relative ordering of a subset of (nominal) 150 kbase clones
contained in a large library in which the assembly of clones redundantly covers a given genomic
region. A PCR-based assay is used to identify those clones which share a common sequence (STS
marker). As shown in Figure 1, given a set of primers which bracket the STS sequence, PCR
reactions are run against the entire pooled library to amplify the STS sequence in those clones in
which it is represented. Subsequent analysis of the PCR products for the presence or absence of
the amplified sequence then serves to identify those clones which share the STS sequence and,
hence, overlap.
In the case of transposon mapping, we are concerned with locating a particular functional fragment
of DNA with a known sequence (transposon) which has been biologically inserted at a random
location within a 3 kbase insert cloned into a plasmid vector. The location of the transposon is
determined by performing a pair of PCR amplifications for each clone. The primers are chosen
from the vector sequence at either end of the insert and from corresponding ends of the transposon
insert. The relative lengths of the amplified fragments define the position of the transposon. By
determining the location of this fragment for each clone within a small (96 to 192 clone) library, we
are able to identify a subset of clones in which the transposons are uniformly spaced across the 3
kbase length. These uniformly spaced transposon inserts are then used as priming sites for
template replication prior to sequencing.

Both assays have in common several basic steps in the PCR process including preparation of
reaction cocktails, thermal cycling, and assay of the final product(s). In our application, we use
agarose gel electrophoresis as our primary assay for determining the nature of the amplified
product. This is a low-resolution (30- 50 bases) method for determining the size of molecules by
measuring their mobility in the agarose sieving matrix under the influence of an applied electric
field. In the case of STS mapping, we use the gels to establish the presence or absence of a PCR
product exhibiting the specific length defined by the STS sequence. In the case of transposon
mapping, the lengths of the amplified fragments depend upon the location of the transposon
insertion within the insert and are the data of interest in the analysis. This requires a more elaborate
quantitative analysis of the gel images.
It should be emphasized that PCR gel-assays used in the STS and transposon mapping are distinct
protocols which are part of a larger production sequencing process.[8] Data obtained from the
STS mapping are used to select a minimal set of 150 kbase clones for sequencing. The transposon
mapping information is used to reduce the number of templates required for low-redundancy, costeffective sequencing of individual 3 kbase subclones. In the directed sequencing strategy employed
in the LBNL Human Genome Center, the detailed mapping information generated in the PCR gel
assays is ultimately used to facilitate final assembly of the sequence from individual, 400-500 base
reads acquired from automated fluorescence sequencers. The efficiency with which this mapping is
performed and the results transmitted to downstream assembly procedures is a key contributor to
the efficiency of the overall sequencing process.
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Our approach has been to automate these tasks using a combination of conventional robotics tools
coupled with custom instrumentation modules where applicable. In several steps, it was necessary
to work with the biologists to modify the process in order to accommodate automated operation.
The overall strategy is designed to be implemented in a 96-well microtiterplate format although
extension to 384-wells is possible. In addition to the hardware components used in the process,
there are also software modules which analyze the gel images and communicate the results to
downstream elements in the process. At present, interaction among the modules is primarily
achieved through operator intervention in the form of transferring material or information from one
module to the next through a manual process. However, as the scope of the project increases, we
intend to exploit the modularity of the design to accommodate integration of modules into
functional systems where possible.

Description of Modules
As indicated above, the gel-based PCR assays can be regarded as a serial process involving a
number of related hardware and software modules. Most of these modules are common to the two
types of assays. In the following discussion, individual modules will be described in a general
manner--distinctions between the two applications will be made where necessary. Figure 2 is a
block diagram showing the individual modules and their relationship to each other in the assay
process flow.

Source Plates for Assays
The source of DNA for assays is a library of bacterial clones. In the case of the STS assays, these
libraries are shared resources distributed among interested members of the genomics community in
the form of multiple microtiterplate arrays. We have customized a Hewlett-Packard ORCA robot to
perform library replication and pooling prior to the STS assays. [9] Library replication consists of
duplicating the contents of a 96-well plate by inoculating a second plate filled with growth medium
in a one-to-one fashion using a 96-pin replication tool. Pooling is a standard approach used in
library assays whereby the total number of individual measurements necessary to identify a specific
clone within a large library is reduced by combining individual clones into several orthogonal
pools. By identifying those pools which score positive for the presence of a particular clone, it is
possible to deconvolute the system to establish the specific location of that clone.
Figure 3 is a photograph of the ORCA platform configured for library replication. Many of the
components were custom-designed at LBNL for this application. These include individual
workstations, microtiterplate gripping fingers for the robot, multipin clone-transfer tools, a
sterilizing station, and robot-accessible storage units. In normal operation, a rate of 180
replications of 96-well plates per five-hour run is achieved. The system is also capable of
transferring between 96- and 384-well configurations-an operation not possible with previous
hand replication methods.

Clone Picking and Arraying
In the case of transposon assays, unique libraries are prepared in our laboratory for each individual
3 kbase clone to be sequenced. There is an additional step required to configure the clone library in
96-well plates for subsequent automated manipulation. The bacterial clones containing the
transposon events are arrayed on agar growth medium in a standard Petri dish. A custom designed
LBNL clone-picker [10-11] is then used to identify bacterial colonies in the Petri dish and transfer
them to a 96-well plate. The system consists of an imaging platform in which a CCD camera
digitizes an image of the Petri dish held in a fixed coordinate system. Image processing software is
then used to enhance the image, identify viable colonies within the field of view according to
established criteria, and locate them within the coordinate system. The list of viable clones together
with their individual locations within the Petri dish is transferred to a mechanical picking platform.
4

An x-y stage sequentially positions individual clones in the Petri dish beneath a picking tool which
transfers the colony to a well in the target microtiterplate containing growth medium. The
inoculated 96-well plates are then used as source plates for subsequent steps in the assays.

Cocktail
Preparation
\
This is the process in which the cells to be assayed are combined with the PCR primers and
reagents necessary to accomplish the specified DNA amplification. The procedure is currently
carried out using a Beckman Biomek 1000 robotics platform modified through the use of custom
hardware and software. The Biomek 1000 was chosen because of its availability in the laboratory
at the time the project was initiated; coupled with its ability to pipette in the 1-20 microliter range
using both single- and eight-channel fixtures. The working space has been modified to
accommodate an LBNL designed module for storing bulk reagents used in the cocktail. The
process begins by loading a microtiterplate with the source bacterial cells onto the platform. The
workstation then transfers diluted volumes of the cells into the target microtiterplate or tube array
and combines this with buffer solution, oligonucleotide primers, and PCR reaction cocktail. Pipette
tips are changed as necessary to avoid cross contamination. Custom-designed software is used to
control the 300 motions required by the robot to complete the preparation ·of 96-reactions in 20
minutes.

Thermal Cycling
The thermal cycling is performed using a fixed protocol consisting typically of 30 cycles at three
temperatures required to denature the double-stranded DNA (15 seconds at 94°), anneal the oligoprimers to the appropriate sequence (15 seconds at 55°), and extend the replicated strand from the
template (60 seconds at 72°). At present, we have several hardware options for thermal-cycling
including commercial single- and multi-channel modules and a custom LBNL four-station module.
The LBNL module was designed to be robotics compatible in addition to being capable of more
rapid transitions between the cycling temperatures. This latter feature is achieved through the use of
water as the thermal transfer medium. Cycling is achieved by keeping the flow of water in direct
contact with thin-walled plates while switching among reservoirs maintained at the three required
temperatures. Because of the low thermal mass of the thin-walled plates compared to heater/cooler
blocks used other systems, switching times of one second or less can be achieved. The total time
for PCR amplification of a single 96-well plate is 45 minutes minimum-longer time intervals are
required with the commercial thermal cycling systems.

Gel Preparation
An important consideration in the overall system design is the development of standardized
components which are amenable to manipulation by the automation platforms. One of the early
constraints imposed on the assays was that of a uniform gel format. We standardized on a 16x16
em format as a reasonable compromise between the parameters associated with the mechanics of
gel loading, electrophoresis band size, and resolution of a standard 512x512 pixel CCD camera.
Acrylic substrates and associated gel-casting frames have been designed to accommodate these
dimensions. A semi-automated system employing a commercial unit for preparation of the liquid
phase agarose is used for gel-pouring. An array of individual wells into which the DNA samples
will be inserted are cast into the agarose at this stage. These wells are defined by acrylic "combs"
which are held rigidly in the gel-casting frames in order to define the location of the individual
lanes with respect to the substrate. Figure 4 is a photograph of a gel casting frame, substrate, and
28-well comb used for transposon analysis. The comb is inserted into the gel frame before filling
with the agarose mixture. The precise location of the comb with respect to the frame constrains the
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location of the subsequent gel-lanes with respect to the substrate thereby facilitating automated gelimage processing.
For the case of STS mapping, each 16x16 em gel is cast with three rows of 32 lanes each (one
microtiterplate ). This high density can be accommodated because of the simplicity of the assays,
i.e. identification of the presence or absence of a band, and the limited size of the STS markers.
For transposon mapping, there is one row of wells at the top of the gel accommodating 24 lanes
for PCR products, 4 lanes for size calibrations.

Gel Loading
A second adaptation of a Biomek 1000 platform is used for automated gel loading. Figure 5 is a
photograph showing a special fixture designed to accommodate four of the transposon gels for
loading. The gels in the stack are offset to allow access to the individual wells by the pipetting
head. A typical thickness for the individual gels is approximately 7 mm. The wells are tapered in
order to accommodate variability in the positioning of the pipette tips at the top of the gel. The
DNA sample is injected into wells containing loading buffer. Due to the higher density of the DNA
samples, they settle to the bottom of the tapered wells in order to provide a smaller band size in the
gel separation.
Loading a typical four gel array requires 10 minutes. In order to map a 96-clone transposon library
requires 192 individual PCR reactions (the location of each transposon event must be assayed
using two primer pairs corresponding to the two orientations relative to the vector) corresponding
to eight 24-lane gels. Calibration standards and fluorescence labeling reagents are loaded at the
same time.

Gel Running
Between the two projects at the current level of operation (5 mbases/year), a total of 70-100 gels
per day must be run at a rate of 2 hours per gel. Our current approach to large-scale agarose gel
running is to use commercially available gel boxes configured in an array of pull-out shelves. This
makes efficient use of lab space and provides for improved ergonomics and operator safety. The
commercial units have the advantage of being a known technology which can be acquired at a
reasonable cost. Although the present approach requires manual loading of the individual boxes,
the cost and complexity of an automated system for this purpose was deemed undesirable.
The current configuration has two gel boxes per shelf (80 em wide by 50 em deep) together with a
dual power supply and custom-made interval timer for automatically controlling the individual gel
box power supplies. The shelves are mounted on slide mechanisms to allow each to be pulled out
of the array for loading. The pullout mechanisms are connected to power interlocks to prevent
inadvertent exposure of the operator to the high-voltage. An array of 16 shelves mounted along a 5
meter long wall-space can support the mapping and sequencing needs of a 5 mbase/year project.
A more recent design employs a personal computer to monitor the running intervals and to specify
the current and voltage settings of the power supplies. This approach allows the control of up to 48
gel-boxes from a single user interface, incorporates the ability to record protocols for repeated use
and facilitates data capture for subsequent fully-integrated operation. Typical running conditions
are 180 volts at 200 rna for 2 hours.

Gel Imaging
The analysis of agarose-gel electrophoretic separations relies upon the use of ethidium bromide as a
DNA specific fluorescent label. The ethidium bromide is a fluorescent dye which responds
strongly upon illumination with ultra-violet excitation when the dye has been intercalated into
6

double-stranded DNA molecules. Early implementations of this approach utilized a commercial
imaging system in which a Polaroid camera was used to record the ethidium bromide gel-image.
Manual procedures were then used to examine the photographs and, in the case of transposon
analysis, extract the lengths of the DNA fragments from the data.
In order to increase the throughput and improve accuracy, we have developed an automated system
for gel analysis based on a cooled-CCD camera coupled with a UV excitation source and associated
image acquisition and analysis software. (The CCD is a commercial 512x512 pixel camera
operated at -40°C to permit longer exposures at reduced illumination. This is coupled through a 28
mm, f2.5 lens to the 16x 16 em image field. The UV lamps provide top-side illumination of the gel
plates. Typical integration times for the image acquisition is 15 seconds. The dynamic range of the
camera is 16,000:1 (14 bits).) The image capture system is contained in a light-tight enclosure into
which a gel-plate transport system is used to locate the gel substrates at a predetermined position in
the field of view of the camera. An automated stack-loader capable of handling 8 gels per cycle is
currently under development.

Image Processing
The (14-bit per pixel) digital images are captured in a (500 kilobyte) file which is then processed
using adaptations of commercial image-processing software coupled with customized algorithm
used to extract the relevant data. Figure 6 is an example of a typical image from a transposon
mapping gel. Lanes 3 through 10, 13 through 20 and 23 though 30 represent pairs of PCR
products generated by priming from the transposon insert in opposite directions. Lanes 11, 12, 21
and 22 are calibration lanes carrying fragments of known size which were co-loaded with the PCR
products. The image analysis uses the calibration data to determine the absolute size of each of the
PCR products as required by the transposon mapping procedure.
/

A robust software package operating on a personal computer has been developed for automatic
analysis of images both for the presence of bands (STS Mapping) and for the assignment of
fragments lengths (Transposon Analysis). Modular algorithms for background-subtraction and
lane-scanning convert the two-dimensional image array into individual one-dimensional traces for
each data lane. As anticipated earlier in the description of the gel substrate design, the software
relies heavily upon the ability of the system to predict where the gel-lanes will be located in the
image field. Several pixels are integrated to generate each point in the lane scan in order to optimize
signal-to-noise. A digital filter is then applied to further suppress the background and to extract
centroids and peak areas for each band in the lane. The bands in the calibration lanes are used to
generate a fitted curve of band position verses DNA size. This curve is then used to generate size
estimates for bands in the lanes continuing the PCR products. A precision of 30 base-pairs is
typical for fragment size assignments in the case of transposon events in the PCR products
generated from 3 kb inserts.
A report is then generated containing a listing of the bands observed for each lane together with the
size estimate. Table 1 is a typical output from the image analysis. The value of the image station
and associated software can be summarized by noting that the typical analysis time for agarose gels
associated with transposon insertion analysis has been reduced from 8 hours per gel to less than 30
minutes. Recent improvements in the quality of the size standards has further improved the
efficiency of the process by permitting unattended operation in the majority of analyses.

Summary
The PCR assay system has been developed over the past four years as part of a major scale-up in
mapping and sequencing at the LBNL Human Genome Center. It is one of several components
being automated for large-scale production sequencing. For the most part, our approach has been
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to regard the biological procedures as distinct modules, modify them as appropriate to
accommodate automation, and develop instrumentation to support each. A major contributor to the
efficiency and cost reduction of the process has been our ability to constrain the modules to
functioning within a 96-well microtiterplate format. The system is now in daily operation in the
hands of the biology technicians within the Center and is demonstrably capable of high-throughput
operation.
The future direction of the project will involve replication of existing modules to support a
dramatically increased sequencing effort and improved integration among the modules to reduce the
level of operator involvement. At present, there is significant labor involved in connecting the flow
of material among the modules and in interpreting the data generated by the image station and
feeding this back into the process. Although, at present, this semi-automated approach has an
acceptable impact upon the cost of production, significant scale-up will require that more automated
methods for sample tracking and data flow be developed.
One approach to integration which we have already explored is to combine various hardware
modules into functional subsystems. In our prototype, an ORCA robot was used as a material
handling platform serving a Biomek 1000 performing PCR reaction preparation followed by
thermal cycling in the LBNL rapid cycling system. Our experience with this instrument indicated
that, although the integration of functions into a "hard-wired" configuration obviated certain
sample-tracking tasks, the combination of an inherently slow process such as thermal cycling with
the faster preparation steps was not an optimal use of resources. We are therefore developing an
approach in which a general purpose, pipetting and dispensing robot will be used for large-scale
batch processing of plates. The thermal cycling will be performed off-line in an array of machines
sufficient in number to support the production goals. Automation and integration of the thermal
cycling with the other components of the process can then be performed in a later stage of
development if desirable.
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Figure Captions
Figure 1- The top diagram (a) illustrates the principal behind STS content mapping. A pair of
primers, P1 and P2 define a genomic region to be amplified through the PCR process. The PCR
assay determines overlap among clones by establishing the presence or absence of an amplified
product in reactions from individual microtiterplate wells.
The lower figure (b) shows transposon mapping. V and T are primers in the vector and transposon
respectively. A primer-pair (V 1, T 1) defines the amplification of the fragments A 1 and B 1 which
can be interpreted.to yield the distance of the transposons in clones A and B from the left side of
the insert as shown. Primer pair (V2, P2) gives the distances A2 and B2 from the right side. The
location of the transposon and the total length of the insert can be inferred.
Figure 2 - The block diagram lists the individual modules which comprise the PCR assays
described in the text. In the case of STS-content mapping, the clone library is typically generated as
a separate step or acquired from external sources. For the smaller transposon libraries, the source
plates are generated by the LBNL clone picking and arraying instrument.
Figure 3 - Photograph of an ORCA platform configured for automated library replication.
Workstations, hotels, and replication tools were custom designed at LBNL for this application. A
sterilization station for cleaning the replication tool is visible at the rear of the work area.
Figure 4 - Photograph of the specialized fixtures used to cast agarose gels for transposon mapping.
The system consists of frames, 16x 16 em substrate and lane-casting comb. The ultraviolet
transmitting substrate is used to transport the gels through the loading, running, and imageanalysis steps. The precision with which these fixtures locate the gel lanes with respect to the
substrate is exploited in subsequent gel-imaging and processing steps.
Figure 5 - Photograph of a four-gel fixture used for automated loading of the PCR products into
individual lanes using the Biomek 1000 platform. The base-plate is configured to replace two
normal microtiterplate locations on the Biomek platform.
Figure 6 - A typical digitized image of an agarose gel used for transposon analysis. Vertical lines
locate the lanes as a first step in converting the two dimensional image into one dimensional lane
scans amenable to deconvolution and calibration. Lanes 3 through 10, 13 through 20 and 23
through 30 represent pairs which are used for PCR products. Lanes 11, 12, 21 and 22 contain
known size distributions used for calibration of the image.
Table 1 - An abbreviated version of the fmal output report generated by the image-processing
software from the data in Figure 6. The microtiterplate location refers to the clone identity in the
original source plate. The rows marked "size" record the distances of the transposon from the
respective ends of the clone. The sum represents a cross check - the two fragments should sum to
the total length of the clone and all sums for all individual should be the same. Blank rows
represent clones that, for various reasons, didn't produce a visible product in the gel.
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OUTPUT FILE FROM TRANSPOSON GEL ANALYSIS

Lane#
3
4
5
6
7
8
9

10
13
14
15
16
17
18
19
20
23

Microtiterplate
Location
A1
B1
C1
Dl
El
.(4'1
Gl
HI

A2

24

25
26
27

B2
C2

28

29
30

D2

Size
2708
1026
0
0
2417
1204
3358
474
0
1094
2259
1255
0
0
0
0
2780
958
2394
1210
2729
982
1316
2131

OKING

Sum
3734

OK

0

0

NG

3620

OK

3831
0
1094

OK
NG

3515

OK

0

NG

0
0
0

NG

3738

OK

3604

OK

3712

OK

3447

OK
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