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Appendix 1 - Operation guideline of TrayScan for a beginner

Running the TrayScan.
There are four steps to operate the TrayScan:
a. Engage all cameras and test the camera setting.

a).
b).
C).
d).

e).
f).

9).
h).

Open PlantScreen (a default operation software for TrayScan)
Connect Database (click Database tab)

Connect FLIR (select add and click, wait for ip add appear)

Connect Infrared (Infrared tab) (Put a tray in thermal image station to
test imaging)

Check light setting (Main tab for brightness test)

Put a tray in stereo RGB station and take a snapshot to check RGB
camera are working.

Check a blue light on the Fluorcam computer as indicated it is on.
Load fluorescence protocol (file.p) in PlantScreen. (Before loading
protocol, you could open the protocol in Fluorcam 7.0 and put a tray in
fluorescence station for test the image)

In PlantScreen and Fluorcam tab, send to device.

Check any error messages in the System Messages tab

In this step, the tray should still be in loading position.

b. Loading trays.

a).
b).

When Plant Screen software show  “Fill the tray then close door” .
Load only 4 trays at a time (A maximum of 15 rays can be loaded per
batch).
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9)-

h).

After loading, the tray should be in acclimation position.

Load chessboard calibration target and the colour checker calibration
target with the barcode facing you. Then load experimental trays and
close the door.

Push the white OK button on the PLC to load these trays into the
machine.

When these trays are loaded, the PlantScreen message will again show
“Fill the tray then close door”.

Load the next set of trays, and repeat until the last trays are loaded.
Push the white OK button on the PLC.

Once all trays are loaded push the blue Measuring Begin/End button
on the PLC.

Check the graphic on PlantScreen it should show the position and
number of the trays in the system and present the message “Waiting for
start protocol”.

i . . .\"\
” L . r b % i
3 4 > b “m‘\ %

Load experiment protocol and start images collection.

a).

b).

In PlantScreen, go to the Experiment tab, where existing protocols are
loaded and saved. You could create a new protocol or load previous
protocol, it can be identified as a “file.ptc”.

In the experiment tab, fill in the experiment name and responsible
person.

In the experiment tab the Start button will be highlighted green when
all the steps have been completed, and is clicked to initiate the run.

11



d).

e).

Turn off room light, shut the door and change the sign on the door to
“in use”.

In PlantScreen and main tab will display the message “Measuring in
Progress”, and display the tray ID at each measuring station.

Unload the trays.

a).

b).

When the experiment has finished the PlantScreen display will show
“Measuring End”.

Push the Measuring Begin/End and OK button on the PLC and wait for
PlantScan to display “take out tray”. Open the door, remove the trays,
and then close the door.

Press the the OK button again for the next set of trays to be forwarded.
TrayScan may be reloaded to measure further trays.

While all measuring process finish, the tray will return to loading position
and you can unload the tray.

Awhole cycle of TrayScan operation strictly followsa — b — ¢ — d procedure.
If there are any unexpected events make the process stuck or you need to abort the
procedure. Strongly recommend you just try to let the machine finishthea — b —
¢ — d procedure before you try to reboot the system.

Unless requested by HRPPC technical staff DO NOT shutdown the computers.

If you have manually turned the lights on before the experiment you will also need to
manually turn them off before exiting PlanScreen.

To exit the PlantScreen use the “Close client” button on PlantScreen. Close the

PlantServer window, and you’ re done.
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2. Design your own protocols.

There are two protocols that user can customize according to specific
requirements. The file.p and file.ptc files are used to obtain important parameters of
photosynthesis system Il (PSII) and set the sequential imaging of cameras (thermal,
RGB, fluorocam, stereo RGB), respectively.

a.

Compile file.p.
User can compile file.p by using FluorCam?7 software. Start the Fluorcam7
software and click the Protocols tab, then you are ready to design your file.p
and set physical parameters as followed:
TS: Time at which background signal is measured prior to the
fluorescence being sampled during the measurement flash. We suggest to
set the TS =40 ms is a good start.
Shutter: Duration of opening time for the electric shutter. We suggest to
set the Shutter = 2 then adjust after preview the fluorescence image.
Sensitivity: Sensitivity of the fluorescence camera. Avoid using 80 —
100% unless due to low signal to noise ratio.
Act: Relative power of actinic light (white light), 0 — 100%, user defined.
Actl: Relative power of actinic light 1 (red light), 0 — 100%, user
defined.
Super: Amount of light used for saturating pulse, 0 — 100%, user defined.
Compile file.ptc.
User can use PlantScreen to decide the sequential imaging of cameras. On
the main screen of PlantScreen, click protocol tab. Then arrange your own
imaging process.

Please see attachment file FluorCam_Instruction_Manual section V.C. to see more detail

information of how to compile your file.p.

Software and analysis

RGB
There are plenty of free and open-source software that could be used to

view, processing RGB file. A simple way to process RGB image is to use

Image J. However, we suggest a free OpenCV (Open Source Computer Vision
Library: http://opencv.org) which includes several hundreds of computer

vision algorithms. If you are familiar with python, we further recommend

PlantCV which is an imaging processing package specific for plants that is

built upon open-source software platforms OpenCV, NumPy and MatPlotLib
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(Donald Danforth Plant Science Center). There are many pipelines already
established for regular image processing. Please refer to website below to give
you some basic idea how to view and process RGB files using OpenCV and
PlantCV.

% Please browse the HRPPC and PSI website for more information:
https://imagej.nih.gov/ij/index.html
https://docs.opencv.org/3.4/index.html
https://plantcv.readthedocs.io/en/latest/

Thermal image

Please see attachment file Process FLIR with Fiji to see the demonstration
of how to use Image J to analyze thermal image.

Fluorescence image

Please see attachment file FluorCam_Instruction_Manual section V.D. to
V.E. to get more detail how to pre-processing and analyze the results.

Stereo RGB

We suggest a TrayScan_pipeline which was developed by HRPPC. A
semi-global matching algorithm was applied this pipeline to estimate the point
clouds of each plants on the tray. By means of surface reconstruction methods,
the point clouds of each plants were then used to generate meshes. These
meshes were further analyzed to quantify the plant dimensions. Please see the
attachment files, Trayscan_guide and Trayscan_stereo_test run_guide to
understand how to install and execute stereo RGB analysis by
TrayScan_pipeline.
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Appendix 2 - Qualitative recommendations for data collection with
TrayScan

It is not possible to provide specific standard operational procedures (SOP) for
TrayScan that are suitable for all crop species, growth rates or plant/leaf architectures.
For these reasons we provide qualitative recommendations for good data collection
practices, these are divided into two aspects, physical and biological parameters.
Users are advised to follow the principles as described below.

1. Physical parameters setting of TrayScan:
a. Environment condition
Environment parameters such as temperature and humidity at
acclimation chamber, image stations and the workplace or space should
be consistent and stable. Regular inspections of the related environment
condition should be conducted to achieve consistent and reproducible
measurements. Light intensity at the acclimation chamber is adjustable.
We suggest user should check the longevity of the light source and
examine the intensity output by light meter as well to prevent any
undetectable light decay. We also suggest the sensors for detecting the
environment parameters should be calibrated routinely.
b. Camera calibration
There are four type of cameras are implemented in TrayScan to obtain
thermal image, RGB, stereo RGB and fluorescence image. Those
cameras should have regular maintenance and calibration.
c. Lightintensity
There are two light banks in acclimation chamber and one in the
thermal imaging station. The intensity of the light bank is adjustable and
ranged from 0 — 1000 pmol m™? s™ at the source. The distance from the
light source to the canopy height of plants will influence the intensity of
light at the leaf level. We suggest users measure the light intensity with a
light meter to assure the setting of light source intensity and distance
from light source to plant canopy height fits the experiment requirement.

Acclimation chamber Thermal imaging station

Light level (umol m? s™) Light level (umol m2 s™)

Set level (%) | Tray height (20cm above | Set level (%) | Tray height (20cm above

the conveyor) the conveyor)

10 116 10 54
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20 239 20 114
30 347 30 170
40 447 40 226
50 538 50 278
60 624 60 328
70 706 70 376
80 781 80 421
90 852 90 465
100 914 100 503

d. Layout of pots within trays (CRD, RCBD)

We suggest the pot layout on the tray should be complete random
design or random complete block design if you find obvious
environmental bias or any unexpected environmental variation in
TrayScan.

e. Thermal camera (FLIR A600-series)

Default setting of IR camera are listed as followed:
Object emissivity: 1.00
Obiject distance: 2.00 m
Atmospheric temperature: 20.00 °C
Reflected temperature: 20.00 °C
Relative humidity: 50 °C
Recorded in °C
Output size: 640 x 480 pixel with resolution 96 x 96 pp.

In the step of Operation guideline for a beginner 1.a.(d), we suggest
user check the thermal image first. Make sure the setting of distance,
focus and environment temperature are appropriate. The thermal image
should cover whole tray and have clear outline of plants and pots.

f. RGB camera (Computar Megapixel, f = 4.5 - 13.2mm)

In the step of Operation guideline for a beginner 1.a.(e) and (f), we
suggest user check the RGB first. Make sure the setting of distance, focus
and brightness are appropriate. The RGB image should cover whole tray
and have apparent, distinct color on soil and plant organs.

g. Fluorescence module (Pentax TV lense 4.8 mm and LED panel)

Regarding the physical parameter setting in file.p, we suggest user to
set the shutter on appropriate exposure. The longer the shutter is open, the
brighter a measurement will be, and the higher the signal the better the
S/N ratio. However, if the measure light is too strong, the measured
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signal deviated from the true Fo, User should prevent the signal received
exceeds the maximum capacity of the camera. If the camera receives too
much signal, the live screen will show a warning message “Pixels
Overflow”. In terms of sensitivity setting, unless there is a special
requirement for experiment, we suggest user set sensitivity under 80% in
case the camera receive exceeding signal than maximum capacity. The
live screen will show a warning message “Pixels Overflow” if user set
sensitivity too high.

PAM (Pulse-Amplitude-Modulated) mode

Electronic shutter number 0 1 2

Shutter opening time (ULS) 10 20 33

In order to measure Fo, a pulse of weak Actl (red light) is required to
remove electron from Qa (oxidized Qa). We also need low enough Act
(white light) which triggers minimal level of fluorescence but does not
drive significant PSII chemistry, typically less than 0.1 pmol. To obtain
Fm, the saturating pulse has to be sufficiently bright to maximally
reduced Qa. Normally, a short actinic pulse of high PPFD
(photosynthetically active photon flux density) less than 1 s at thousands
umol m?s? is needed (Please notice the highest PPFD setting of
fluorescence module for TrayScan is 3,000 pmol m™s™). We suggest user
preview the fluorescence image with Fluorocam 7.0 software, click the
plot tab to assure the Act, Actl and Super are set appropriately.

Other than those physical parameter setting in file.p as mentioned
above. The height from the conveyor belt to the LED light banks has
tremendous effect as well. We strongly suggest user should put health
plants on the tray to meet the basic requirement for acceptable
fluorescence image, that is, under the condition which image covers
whole tray, the settings should be able to obtain consistent Fv/Fm near
0.83 for a health plant. As a result, in the step of Operation guideline for a
beginner 1.a.(h), user should check the heights and parameters in file.p
are set appropriate in order to obtain a 0.83 Fv/Fm for health plants.

Height (mm) on GUI of PlantScreen Actual height (cm) to the conveyor belt
0 30
100 395
200 49.5
300 59.5
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370 (max) 67.5

h. Stereo RGB (Computar Megapixel, f = 4.5 - 13.2mm)

Due to the stereo camera deployment position and camera type in
TrayScan, the distance between camera and objects has to be at least 390
mm. Two other important parameters that may require tuning according
to pot size and crop type used in your experiment:

a). green_seg.py: the raw_filter' function hard coded distance value to
remove underneath tray and pots (420mm atm). Currently top
tray:400mm, bottom tray: 482mm.

b). green_seg.py: the 'segment’ function in which EXG and EXR
(parameter 2 and 1.4) may change due to different lighting condition
and plant species.

As for RGB image, user need to assure the setting of distance, focus
and brightness are appropriate. Stereo RGB image should cover whole
tray and have apparent, distinct color on soil and plant organs as well. We
recommend user to process the stereo RGB with TrayScan_pipeline first
while obtain your first data set.

2. Biological parameters:
a. Crop type

The physical limitations of TrayScan restrict the size, leaf type of crops
that user could apply. The max dimensions for a plant is 59.5 cm (height)
x 44 cm (width). In order to obtain image data with acceptable quality,
user should prevent using oversized plant and plant with complicated
architecture. As mentioned in previous section, we suggest user to
preview the test image before performing your experiment.

b. Growth stage

It’s important to have a precise definition of growth stage for your
plant. It allows you to clearly delimit the plant growth stage you apply to
TrayScan, then user could compare the results between treatment versus
control and different batches of experiments based on the same biological
foundation.

c. Time of dark adaption

To obtain Fv/Fm value from TrayScan, we need to apply dark adaption
to the plants prior to the minimum fluorescence (F0) is measured. Next,
saturation pulse is used to close all available reaction centers, then
maximum fluorescence (Fm) is measured. The difference between
maximum fluorescence and minimum fluorescence is Fv. However, dark

adaptation is a complicated process. Depending on crop species, the
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duration of dark adaptation are different. According to Kalaji et al. (2014),
15 min of dark adaptation is recommended. Generally, we suggest 30 min
is reasonable and acceptable for most crop species.
Soil, fertilizer and watering

The variation of image results collected from TrayScan arises not only
from the individual variance between plants but also from the
heterogeneity of the soil, fertilizer and watering method that user apply to
plants. Regarding the soil, it could be made of different substances. We
recommend user mix the substances though evenly. If necessary, use
sieve to filter each substance before mix. As for fertilizer, user should
strictly follow the formula to make up the fertilizer. Apply equal amount
to each plant in the same way, and notice the expiry date of the fertilizer.
Finally, user should make sure each plant acquires enough and balanced
water. User should prevent watering too much. Consistent wet soil may
lead to moss grow on the surface of soil. Moss could cause some
problems while processing image data.

Treatment

Similar to Quality recommendation for data collection 1 a, the
treatment such as heat, drought, cold to the plants should be consistent
and stable. Make sure the treatment is effective compared to the control
plants. If user use growth chamber or green house, regular inspections of
the related environment condition and setting should be conducted. We
also suggest the sensors for detecting the environment parameters should
be calibrated routinely.
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## Environment setting and softwares

# 1. Snakemake (follow installation instruction and establish a python env with
default environmental.yaml)

# 2. Stacks-2.2

# 3. gatk-4.0.11.0

# 4. picard.jar

#5. rtg-tools-3.10

## If you use this Snakefile in different PC, remember to change the path first before
you run the Snakefile in yourown PC.

# 1. Put processing file and picard.jar in the same directoryself.

# 2. Changing path in each steps like  /home/usr/working_directory/cleaned_reads/

# compared to
/home/yktu/Try_process_radtags/cleaned_reads/

# (Optional: 3. Don't forget to change the path in cohor.sample_map.)

## Prerequisite files:

# 1. unmapped_reads/R1.fastg, unmapped_reads/R2.fastqg. The paired reads are
debarding and demultiplexing by process_rapture.py which is not including in this
analysis pipeline.

# 2. ref_genome/ref_genome.fa. Remember to index the ref genome by bwa index
first.

# 3. vcf_base_recali/SNPdb.vcf for BaseRecalibrator step. If it's a VCF file, please
index it using the bundled tool IndexFeatureFile to make .tib file.

# (Optional: 4. cohort.sample_map, a Tab-delimited text file with
sample_name--tab--path_to_sample_vcf per line.)

# (Optional: Don't forget to change the path in cohor.sample_map.)

## Prerequisite variables setting:

# 1. SAMPLES = ["r01", "r02"] Accroding to your sample numbers, could be
extend to r96.

# 2. CHRNUM = ["ch00","ch01", "ch02", "ch03", "ch04", "ch05", "ch06", "ch07",
"ch08", "ch09", "ch10", "ch1l", "ch12"] for combining the variants information from
each by chromosome.

## We go data pre-processing first according to Best practice workflow | Created
20180109 | Last update 20180306
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# Debarding and demultiplexing paired end reads (readl and read2 for each sample)
by process_rapture.py which is not including in this analysis pipeline.

# 1. Clean paired readsself.

# 2. Make unmapped BAM from cleaned paired reads. At the time, align cleaned
paired read to ref genome then make aligned BAMself.

# 3. Merge uBAM and BAM.

# 4. Sorted merged BAM.

# 5. Mark the duplicated of merged BAM.

# 6. Make the recalibration table for merged BAM.

# 7. Apply the recalibration talbe to the merged BAM.

# 8. Calling variants and generate gVVCF filesself.

# 9. Combining gVCF of each sameples by chromosomeself as chromosome.db.

# 10. Convert chromosome.db to VCF.

# 11. Integrate all VCF filesself.

# 12. Create index for the integrated VCFself.

# 13. Filter variants by user's criteria.

# 14. Select SNP by user's demand.

SAMPLES =["r01", "r02", "r03", "r04", "r05", "r06", "r07", "r08", "r09", "r10", "r11",
"r12", "r13", "r14",

"rl5", "rl6", "ri7", "r18", "r19","r20", "r21", "r22", "r23", "r24", "r25",
"r26", "r27", "r28",

"r29", "r30", "r31", "r32", "r33", "r34", "r35", "r36", "r37", "r38", "r39",
"r40", "r41", "r42",

"r43", "rd4", "r45", "r46", "rd7", "r48", "r49", "r50", "r51", "r52", "r53",
"r54", "r55", "r56",

"r57", "r58", "r59", "ré0", "ré1", "r62", "r63", "r64", "r65", "r66", "r67",
"r68", "r69", "r70",

"r71", "r72", "r73", "r74", "r75", "r76", "r77", "r78", "r79", "r80", "r81",
"r82", "r83", "r84",

"r85", "r86", "r87", "r88", "rd9", "r90", "ro1", "r92", "r93", "ro4", "ro5",
"r96"]

CHRNUM = ["ch00","ch01", "ch02", “ch03", "ch04", "ch05", "ch06", "ch07", "ch08",
“ch09", “ch10", “ch11", “ch12"]

rule all:
input:
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"Filter/filtered.all.vcf.gz",
"Sel_Var/selected_all.vcf",
"Gather_vcf/all.vcf.gz",
expand("Joint_vcf/{chr_num}.vcf.gz", chr_num = CHRNUM),
#expand(directory("{chr_num} database™), chr_num = CHRNUM),
expand("interGVCF/{sample}.g.vcf.gz", sample = SAMPLEYS),
#expand("appliedBQSR/{sample}.bam", sample = SAMPLEYS),
#expand("recal_dataTable/{sample}.table”, sample = SAMPLEYS),
#expand(["'MarkDuplicate/{sample}.bam™,
"MarkDuplicate/{sample} metrics.txt"], sample = SAMPLES),
#expand("Sorted_mergeBAM/{sample}.bam”, sample = SAMPLES),
#expand("Merge_uBAM_alBAM/{sample}.bam", sample = SAMPLES),
#expand("mapped_reads/{sample}.bam", sample = SAMPLES),
#expand("unmapped_BAM/{sample}.bam", sample = SAMPLES),
#expand(“cleaned_reads/{sample} R1.1.fq", sample = SAMPLES),
#expand(“cleaned_reads/{sample} R2.2.fq", sample = SAMPLES),
#temp(“cleaned_reads/{sample} R1.fastg.rem.1.fq"),
#temp(“cleaned_reads/{sample} R2.fastq.rem.2.fq")

rule clean_reads:# Clean the reads.fastq by precess_radtags tool of Stacks after
debarding and demultiplexing by process_rapture.py
input:
R1 ="unmapped_reads/{sample} R1.fastq",
R2 = "unmapped_reads/{sample} R2.fastq"
output:
"cleaned_reads/{sample} R1.1.fq",
"cleaned_reads/{sample} R2.2.fq",
temp(“'cleaned_reads/{sample} R1.fastq.rem.1.fq"),
temp(“'cleaned_reads/{sample} R2.fastq.rem.2.fq")
shell:
"process_radtags -1 {input.R1} -2 {input.R2} -0
/home/poweruser/96_snakemake/cleaned_reads/ -e pstl -r -c -q"

rule uBAM:# Creat unmapped BAM to keep important information originate from
raw reads directly from cleaned reads.fastq.
input:
cleanedl = "cleaned_reads/{sample} _R1.1.fq",
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cleaned2 = "cleaned_reads/{sample} R2.2.fq"
output:
UBAM = "unmapped_BAM/{sample}.bam"
shell:
"Java -jar picard.jar FastgToSam F1={input.cleaned1} F2={input.cleaned2}
O={output.uBAM} SM={wildcards.sample} PL=illumina" # Remember to add PL
argument.

rule bwa_map:# Creat mapped BAM from cleaned reads. # This step is slow, try add
threads!!
input:
"ref_genome/S_lycopersicum_chromosomes.2.50.fa" #Remember to index
the ref genome by bwa index first.

"cleaned_reads/{sample} R1.1.fq", #And need to create dict by
picard.jar CreatSequence Dictionary.
"cleaned_reads/{sample} R2.2.fq" #Use 2.5 instead of 3.0 is

because on rule MarkDuplicates step, we could only obtain vcf of 2.5 version.
output: # output for shell in this rule.
alBAM = "mapped_reads/{sample}.bam"
shell:# Running with shelll script
"bwa mem {input} | samtools view -Sb - > {output.alBAM}"

rule Merge_uBAM_alBAM:# Merge uBAM and mapped BAM to keep alignment and
unmapped information together.
input:
alBAM = "mapped_reads/{sample}.bam",
UBAM = "unmapped_BAM/{sample}.bam"
output:
"Merge_uBAM_alBAM/{sample}.bam"
shell:
"Java -jar picard.jar MergeBamAlignment ALIGNED={input.alBAM}
UNMAPPED={input.uBAM} O={output}
R=ref_genome/S_lycopersicum_chromosomes.2.50.fa"

rule Sort_mergeBAM:# Sort merged BAM.
input:
"Merge_uBAM_alBAM/{sample}.bam"
output:
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"Sorted_mergeBAM/{sample}.bam"
shell:
"Java -jar picard.jar SortSam I={input} O={output}
SORT_ORDER=coordinate"

rule MarkDuplicates:# To mark read pairs that are likely to have orininated from
duplicates of the same original DNA fragments through some artifactual processes.
input:
"Sorted_mergeBAM/{sample}.bam"
output:
markBAM = "MarkDuplicate/{sample}.bam",
METRIC = "MarkDuplicate/{sample} metrics.txt"
shell:#PIs notice, for the java script there should be no sapce between I, = and {}.
"Java -jar picard.jar MarkDuplicates I={input} O={output.markBAM}
M={output. METRIC}"

rule Base_recali:# Make a recalibration talbe based on dbSNP.
input:
markBAM = "MarkDuplicate/{sample}.bam"
output:
calTab = "recal_dataTable/{sample}.table"
shell: # Remember to index the SNPdp using the bundled tool IndexFeatureFile
"/home/poweruser/gatk-4.0.11.0/./gatk BaseRecalibrator -1
{input.markBAM} -R ref_genome/S_lycopersicum_chromosomes.2.50.fa
--known-sites vcf_base recali/360_merged_2.50.vcf -O {output.calTab}"

rule Apply_BQSR:# Apply the recalibration talbe to the markduplicated reads.
input:
markBAM = "MarkDuplicate/{sample}.bam",
calTab = "recal_dataTable/{sample}.table"
output:
"appliedBQSR/{sample}.bam™
shell:
"/home/poweruser/gatk-4.0.11.0/./gatk ApplyBQSR -R
ref_genome/S_lycopersicum_chromosomes.2.50.fa -1 {input.markBAM}
--bgsr-recal-file {input.calTab} -O {output}"

rule haplotypecaller:# Generate a intermediate GVCF with likeihoods determination
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for the haplotypes given the read data and asign genotypes (SNPs and Indels) to
sample.
input: # This step is pretty slow, try add threads or other way to
accelerate.
"appliedBQSR/{sample}.bam"
output:
"interGVCF/{sample}.g.vcf.gz"
shell:
"/home/poweruser/gatk-4.0.11.0/./gatk --java-options '-Xmx8g'
HaplotypeCaller -R ref _genome/S_lycopersicum_chromosomes.2.50.fa -1 {input} -O
{output} -ERC GVCF "

rule combine_gVCF_byChromosome:# We combine gVCF of each sample by

chromosome as seperated database. Then, databases will be integrated in following

step.

input:

11 ="interGVCF/r01.g.vcf.gz",
12 ="interGVCF/r02.g.vcf.gz",
I3 ="interGVCF/r03.g.vcf.gz",
14 ="interGVCF/r04.g.vcf.gz",
I5 ="interGVCF/r05.g.vcf.gz",
16 ="interGVCF/r06.g.vcf.gz",
I7 ="interGVCF/r07.g.vcf.gz",
I8 ="interGVCF/r08.g.vcf.gz",
19 ="interGVCF/r09.g.vcf.gz",
110 ="interGVCF/r10.g.vcf.gz"
111 ="interGVCF/r1l.g.vcf.gz"
112 ="interGVCF/rl12.g.vcf.gz"
113 ="interGVCF/r13.g.vcf.gz"
114 ="interGVCF/rl4.g.vcf.gz"
115 ="interGVCF/rl5.g.vcf.gz"
116 ="interGVCF/rl6.g.vcf.gz"
117 ="interGVCF/rl17.g.vcf.gz"
118 ="interGVCF/r18.g.vcf.gz"
119 ="interGVCF/r19.g.vcf.gz"
120 ="interGVCF/r20.g.vcf.gz"
121 ="interGVCF/r21.g.vcf.gz"
122 ="interGVCF/r22.g.vcf.gz"
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123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160

"interGVCF/r23.g.vcf.gz"
"interGVCF/r24.g.vcf.gz"
"interGVCF/r25.g.vcf.gz"
"interGVCF/r26.g.vcf.gz"
"interGVCF/r27.9.vcf.gz"
"interGVCF/r28.g.vcf.gz"
"interGVCF/r29.g.vcf.gz"
"interGVCF/r30.g.vcf.gz"
"interGVCF/r31.g.vcf.gz"
"interGVCF/r32.g.vcf.gz"
"interGVCF/r33.g.vcf.gz"
"interGVCF/r34.g.vcf.gz"
"interGVCF/r35.g.vcf.gz"
"interGVCF/r36.g.vcf.gz"
"interGVCF/r37.g.vcf.gz"
"interGVCF/r38.g.vcf.gz"
"interGVCF/r39.g.vcf.gz"
"interGVCF/r40.g.vcf.gz"
"interGVCF/r41.g.vcf.gz"
"interGVCF/r42.g.vcf.gz"
"interGVCF/r43.g.vcf.gz"
"interGVCF/r44.g.vcf.gz"
"interGVCF/r45.g.vcf.gz"
"interGVCF/r46.g.vcf.gz"
"interGVCF/r47.9.vcf.gz"
"interGVCF/r48.g.vcf.gz"
"interGVCF/r49.g.vcf.gz"
"interGVCF/r50.g.vcf.gz"
"interGVCF/r51.g.vcf.gz"
"interGVCF/r52.g.vcf.gz"
"interGVCF/r53.g.vcf.gz"
"interGVCF/r54.g.vcf.gz"
"interGVCF/r55.g.vcf.gz"
"interGVCF/r56.g.vcf.gz"
"interGVCF/r57.9.vcf.gz"
"interGVCF/r58.g.vcf.gz"
"interGVCF/r59.g.vcf.gz"
"interGVCF/r60.g.vcf.gz"
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161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196

"interGVCF/r61.g.vcf.gz"
"interGVCF/r62.g.vcf.gz"
"interGVCF/r63.g.vcf.gz"
"interGVCF/r64.g.vcf.gz"
"interGVCF/r65.g.vcf.gz"
"interGVCF/r66.g.vcf.gz"
"interGVCF/r67.9.vcf.gz"
"interGVCF/r68.g.vcf.gz"
"interGVCF/r69.g.vcf.gz"
"interGVCF/r70.9.vcf.gz"
"interGVCF/r71.g.vcf.gz"
"interGVCF/r72.g.vcf.gz"
"interGVCF/r73.g.vcf.gz"
"interGVCF/r74.g.vcf.gz"
"interGVCF/r75.9.vcf.gz"
"interGVCF/r76.g.vcf.gz"
"interGVCF/r77.9.vcf.gz"
"interGVCF/r78.g.vcf.gz"
"interGVCF/r79.g.vcf.gz"
"interGVCF/r80.g.vcf.gz"
"interGVCF/r81.g.vcf.gz"
"interGVCF/r82.g.vcf.gz"
"interGVCF/r83.g.vcf.gz"
"interGVCF/r84.g.vcf.gz"
"interGVCF/r85.g.vcf.gz"
"interGVCF/r86.g.vcf.gz"
"interGVCF/r87.9.vcf.gz"
"interGVCF/r88.g.vcf.gz"
"interGVCF/r89.g.vcf.gz"
"interGVCF/r90.g.vcf.gz"
"interGVCF/r91.g.vcf.gz"
"interGVCF/r92.g.vcf.gz"
"interGVCF/r93.g.vcf.gz"
"interGVCF/r94.g.vcf.gz"
"interGVCF/r95.g.vcf.gz"
"interGVCF/r96.g.vcf.gz"

# Or

by using a

Tab-delimited text file with sample_name--tab--path_to_sample_vcf per line.

output:
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directory("{chr_num}_database")# Function directory() is used to mark
"{chr_num_databae}" as a directory.

shell:

"/home/poweruser/gatk-4.0.11.0/./gatk --java-options '-Xmx8g -Xms8g'
GenomicsDBImport -V {input.11} -V {input.12} -V {input.I3} -V {input.l4} -V
{input.15} -V {input.16} -V {input.17} -V {input.18} -V {input.19} -V {input.110} -V
{input.111} -V {input.112} -V {input.113} -V {input.l14} -V {input.l15} -V
{input.116} -V {input.117} -V {input.118} -V {input.119} -V {input.I20} -V
{input.121} -V {input.122} -V {input.123} -V {input.124} \

-V {input.125} -V {input.126} -V {input.127} -V {input.128} -V {input.129}
-V {input.130} -V {input.I31} -V {input.132} -V {input.I133} -V {input.134} -V
{input.135} -V {input.136} -V {input.137} -V {input.138} -V {input.I39} -V
{input.140} -V {input.141} -V {input.142} -V {input.143} -V {input.l44} -V
{input.145} -V {input.146} -V {input.147} \

-V {input.148} -V {input.149} -V {input.150} -V {input.151} -V {input.152}
-V {input.153} -V {input.154} -V {input.I55} -V {input.156} -V {input.157} -V
{input.158} -V {input.159} -V {input.160} -V {input.161} -V {input.l62} -V
{input.163} -V {input.164} -V {input.165} -V {input.166} -V {input.l67} -V
{input.168} -V {input.169} -V {input.170} \

-V {input.171} -V {input.172} -V {input.173} -V {input.174} -V {input.175}
-V {input.176} -V {input.177} -V {input.178} -V {input.179} -V {input.180} -V
{input.181} -V {input.182} -V {input.183} -V {input.184} -V {input.I85} -V
{input.186} -V {input.187} -V {input.188} -V {input.189} -V {input.I90} -V
{input.191} -V {input.192} -V {input.193} \

-V {input.194} -V {input.195} -V {input.196} --genomicsdb-workspace-path
{output} --batch-size 96 -L SL2.50{wildcards.chr_num} --reader-threads 6"

rule chr_db_to_vcf:
input:
directory("{chr_num} database™)
output:
"Joint_vcf/{chr_num}.vcf.gz"
shell:
"/home/poweruser/gatk-4.0.11.0/./gatk --java-options '-Xmx8g'
GenotypeGVCFs  -R  ref_genome/S_lycopersicum_chromosomes.2.50.fa -V
gendb://{input} -O {output}"

rule integrate_all_chr_vcf:
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input:
chro00 = "Joint_vcf/ch00.vcf.gz",
chro01 = "Joint_vcf/ch01.vcf.gz",
chro02 = "Joint_vcf/ch02.vcf.gz",
chro03 = "Joint_vcf/ch03.vcf.gz",
chro04 = "Joint_vcf/ch04.vcf.gz",
chro05 = "Joint_vcf/ch05.vcf.gz",
chro06 = "Joint_vcf/ch06.vcf.gz",
chro07 = "Joint_vcf/ch07.vcf.gz",
chro08 = "Joint_vcf/ch08.vcf.gz",
chro09 = "Joint_vcf/ch09.vcf.gz",
chrol0 = "Joint_vcf/ch10.vcf.gz",
chroll = "Joint_vcf/ch1l.vcf.gz"
chrol2 = "Joint_vcf/ch12.vcf.gz"

output:
"Gather_vcf/all.vcf.gz"

run:

shell("java -jar picard.jar GatherVcfs I={input.chro00} I={input.chro01}

I={input.chro02} I={input.chro03} I={input.chro04}
I={input.chro06} I={input.chro07} I={input.chro08}

I={input.chro10} I={input.chro11} I={input.chro12} O={output}")
shell("/home/poweruser/gatk-4.0.11.0/./gatk IndexFeatureFile -F {output}")

#Additional step for index the all.vcf.gz.

rule select_vcf:
input:
"Gather_vcf/all.vcf.gz"
output:
"Sel_Var/selected_all.vcf"
shell:
"/home/poweruser/gatk-4.0.11.0/./gatk
ref_genome/S_lycopersicum_chromosomes.2.50.fa
--select-type-to-include SNP -O {output}"

rule filter_all_vcf:
input:
"Sel_Var/selected_all.vcf"
output:
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SelectVariants
-V

I={input.chro05}
I={input.chro09}

{input}



"Filter/filtered.all.vcf.gz"
shell:
"/home/poweruser/gatk-4.0.11.0/./gatk VariantFiltration -R
ref_genome/S_lycopersicum_chromosomes.2.50.fa -V  {input} -O {output}
--filter-expression 'AB < 0.2 || MQO > 50' --filter-name 'my_filters™
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Appendix 4 - GWAS (Genome-wide association study)

In this documentation, we would like to demonstrate the process GWAS
(Genome-wide association study) analysis using TASSEL 5.0. TASSEL 5.0 isa
software to evaluate traits associations, evolutionary patterns, and linkage
disequilibrium. User could select a general linear model (GLM) or mixed linear
model (MLM) for associate analysis. While addressing complex pedigrees, families,
founding effects and population structure, MLM is capable of reducing the Type |
error in association mapping. We suggest user should engage all models to GWAS and
evaluate the adequacy and performance of each models by plotting QQ-plot
(Quantile-Quantile plot). After deciding a reasonable model for GWAS, then it is
more confident for you to choose the markers that highly associate to specific trait
based on Manhattan plot.

1. GLM

Step 1:

Go to http://www.maizegenetics.net/tassel. Download TASSEL 5.0 and Tassel
Tutorial Data.

Step 2:

To perform GWAS base on GLM, we need genotype data (SNPs and their position on
chromosome for each taxa) and corresponding phenotype data (result of traits
evaluation, EarHT: ear height, dpoll quantification, EarDia: ear diameter). TASSEL
could read the genotype data in three different file format, .nmp, .map, .ped. Result of
genotype data (mdp_genotype.map, mdp_genotype.ped) input should look like figure
below:
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http://www.maizegenetics.net/tassel

[ TASSEL (Trait Analysis by aSSociation, Evolution, and Linkage) 5.2.50 ] *

File Dots mpute Fiter Analysis Resulits GBSY2Z GBS Worklow PHG Hely
= af @ She Mumbers ) Locus ©) SdeKame O Alleles | MajorMinorAlicle l- |(Ertee prysical positicn) | searcn |
4 3 Sequence I —

[ mas_ganonpe

) Resutt

Fumber of tara 281
Mumber of sites: 3083

[Chiomasomes

| T 3 A O

1 540 sites.
0 (157104 - 539 (200170077)

> 303 shus:
540 (736367 - 932 [234574001)

=

Result of phenotype data (mdp_trait.text) input should look like figure below:

[ TASSEL (Trait Anabsis by asSociation, Eveluton and Linkage) 5.250
File Data jmpute Fdter Analysis Resulls GBSvZ GBS Workllow PHG Hel
=T Y
% = Numencal |
[ ickiits
4 3 Sequence
[ map_genotipe
[} mdp_genatipe
) Resutt

Fadle Tile: map_trats
Mumber of columns: 4

Husmber of rows 301

o size (exciudes fow Neaders) 903

Step 3:

In this step, we joint genotype and phenotype datasets by taxa then create a file
(mdp_trait + mdp_genotype). Select “mdp_traits” and “data_genotype”, and click
Data Tab -> Intersect Join.
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|_mmﬂ (Trait Anslysis by aSSaciation, Evolution and Linkage] 5250 - 8
*m Fiter Anelysis Results GBSvZ GBS Workflow PHG

ix

Get Taxa List | -
'HT‘ Get Posaion List
F Sort Taxa Aiphabebcally

L]

Step 4:
Fitting a generalized linear model. Select (mdp_trait + mdp_genotype) file, then click
Analysis Tab -> Association -> GLM -> OK.

I‘ﬂ TASSEL (Trait Analysis by aSSeciation, Fvslution, and Linkage) 5.2 50 - A
i

ix

L]

-2 Sequence
[ mep_genctioe
[ mep_gwnetion
[ Resutt

083

[rasia e map_waits_win_genotipes (il e
A S & jaa32 BAICCTAGA
[riuminer of rows: 279 4635 IEICCTAL
Platrix sire (excludes fow headers) 1115 A3.737]

rcers act Join i

s
WINCETTAN |
42471 CCTAAT |
41122(COTAAT |
BAEC |
32 504 |
BEETACETET |

Step 5:
Select (GLM_Stats_mdp_traits + mdp_genotype) file generated from step 4, then
click Results Tab -> Association -> QQ plot or Manhattan plot.
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] TASSEL (Trait Analysis by aSSociation, Fuohution, and Linkage) 5.2.50
GBSvZ GBS Workflow PHG

File Data impute Filter Analysis

=
¢ =) Mumericad

[} mdo_traits
[) map_traiss + mep_genotioe

[Table Tige: GLM Statisbes - mop_wails « mdp_genobpe
Paumber of colurmns. 18

JHumaer of rows: B278

Matro sice (exchudes row headers) 157743

bGLM Output

[Stansbeal Tests for indmdual vanants

prput dass: mdp_traits « mdp_genolyee

| 22264
01896

04772

0851222 000157
0 2500 001045

Step 6:
Check the results of QQ plot and Manhattan plots for 3 different traits, EarHT, dpoll
and EarDia.

Expected -Log10(P-Value) vs. -Log10(P-Value)
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® EaHT ® dpol + EarDia — Expected Values|
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P-Values by Chromosome for EarHT
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P-Values by Chromosome for dpoll
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P-Values by Chromosome for EarDia
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2. MLM

Step 1:

We first create a population structure file but includes only two covariate:

Open and select “mdp_population_structure.text”, then Filter Tab > Traits > Deselect
Q3 > OK. This step crates a “Filtered_mdp_population_structure” file.

L 1 -
File Data jmpote Filer Analysis Resulls GRSvZ GBS Workflow PHG Hetp
B T= Tam | oOf a3 | Flter Traits  Madify Trait Properties %
2 Matne 3316 o1 0014
[ mes_kinship 3 0033} 0.004
£ 2 Humencal : ;;: j .::
[} mep_pans o | [EN 0.00%)
[} mop_trants » map_genotpe I T (R 0.231| Trad Tipe nclude
[ mcp_pepulasion_siructirs | eE I [TEC 0.002| Tasa Nana =
+ [ Seauence AZT2 I 00189 0,859} a1 Jtmins. 1 o
D T 44315 | 0.005] 0.434] e (Covvariate ¥
e A5 001E 0.002] a3 [covariate S — |
[ mep_genctipe ey I 0,004 9,003 = - -
i Result || | 0003 0.957]
#- [ Assocation lmE i | 000§, 0.001
[} GLM_Stats_mdp_trats + map_genatine =) e | 0533 3003
= Lz (XL 9,003
Tabee Tie: madp_pepulation_stucture AB3S | 0828 0,004
s of i 4 ABa1 | 0817 9,002
AE5S 0083 2,002
Nu'nr(lrl. ] . 5 T 3008 5004
Matrix ice (excludes row headers) B58 ARG | [REL] 0037
ABTS 0882 2011
(ABBD | 0633 0.003]
ARRZ 0002 0.001
ABDEA | 0007 02221
610 0426 0001
8103 | 0163 0 008|
B104 | 684 5007
B105 0337 0,037
6109 [EES 8002
- —— x 8115 0051 0.092
B144 0938 a.001
154 | 023 0011
55 t T 3505 Exchide Sebected Include Selected
B37 | 0937 5,001 :
535 0214] 0.0z Exciuiie AN Inciade AR
552 [ 0072, 5,603 |
857 | 0032 9,002
= ] | 0938 o| Change Seiected Typs to Data
Tl o -
< class s CorsPhenotype | Change Selecied Type to Covariate |

Step 2:

Select “mdp_traits”, “data_genotype” and “Filtered_mdp_population_structure”, and
click Data Tab -> Intersect Join. This step creates a “mdp_traits + data_genotype +
Filtered_mdp_population_structure” file.
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| ] TASSEL (Trait Analysis by aSSociation, Evolution, and Linkage) 5.2.50
file Data impute Eiter Acelysis Results GBSvZ GBS Workflow PHG

i—)(

] Data
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[} mdo_tinsnip
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—
o T —
i

Paumbier of columns 3
froumbar of rows. 2845
fUatro sice (eschudes row headers) 572

[Table Tige: Miered_mdp_populabion_struchare

Step 3:

L]

Select the “mdp_traits + data_genotype + Filtered_mdp_population_structure” file
and “kin_data_hapmap”, then Analysis -> MLM -> Run

| ] TASSEL (Trait Analysis by aSSociation, Fvolution, and Linkage) 5.2.50
Results GBSvZ GBS Workflow PHG

File Data |mpute Filter
] Data

i—)(

§ = Maix
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o az
00
o003 0993 CG;
50071 0817 GG
035 0854 CGG)
0013 0S82ACG
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paumber of columns. 7
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pritersect Join

4043
35953
8.801]

353
EERF L
35 846
38323
azan|
41152
34828
32504
56
aim
38857
Ll
AT06

0E52CETTAN
0127 ECTAAT
0004 CCTAAT
CRTCCTAGT
OTTEAGTAGHN
GEPACETET |
CBXACGTGT
G365 ECTTAT

Step 4:
Select (MLM_Stats_for_ mdp_traits + data_genotype +
Filtered_mdp_population_structure) file generated from step 4, then click Results Tab
-> Association -> QQ plot or Manhattan plot.
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Step 5:
Check the results of QQ plot and Manhattan plots for 3 different traits, EarHT, dpoll
and EarDia.

Expected -Log10(P-Value) vs. -Log10(P-Value)
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P-Values by Chromosome for EarHT
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P-Values by Chromosome for dpoll
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P-Values by Chromosome for EarDia
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3. Results comparison

MLM is a model includes both fixed and random effects. MLM incorporates not
only the population structure (Q) information but also the information about
relationships among individuals, a genetic marker based kinship matrix (K). The
“Q+K” approach of MLM improves statistical power compared to “Q” only approach
(GLM).

As we can see from the results of the QQ plot for GML (Fig 1) and MLM (Fig 2).
Obviously, most of the p values were much higher than expected for GLM (Fig 1),
which means most of the SNPs are highly associated to traits. This is not reasonable
outcomes and we may suspect that the false positive rate is too high and therefore the
p values are overestimated. For this situation, exception for utilizing other model to
perform GWAS, it’s necessary to examine the population construction, pedigree and
population size. Compared to GML, the QQ plot of MLM showed a more reasonable
results. Besides dpoll (blue dots), we could tell the only small amount of p values
were higher than expected. For the rest of the p values, they fitted quite well to the
expected. In this case, we may have a conclusion that MLM is ideal model for GWAS,
then we could pick up those significant SNPs in the Manhattan plot as potential high
associated markers for the traits.
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Expected -Log10(P-Value) vs. -Log10(P-Value)
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Fig 1. QQ plot of GLM.
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Fig 2. QQ plot of MLM.

41



