GENE EXPRESSION EFFECT ON PEA PROTEIN ACCUMULATION

by

Shreejana KC

A thesis submitted in partial fulfillment
of the requirements for the degree

of
Master of Science
in

Plant Sciences

MONTANA STATE UNIVERSITY
Bozeman, Montana

July 2024



©COPYRIGHT
by
Shreejana KC
2024

All Rights Reserved



i

DEDICATION

My work is dedicated to my mother, and sister whose unwavering support,
encouragement and love have driven me to exceed my limits and have been there for me through
every obstacle. I would like to express my gratitude to all my helping hands, friends, Amrit and
Shishir who have been supporting me endlessly throughout my journey. Without them I wouldn’t
have been able to complete this thesis.



iii

ACKNOWLEDGEMENTS

I am grateful to Dr. Kevin McPhee, Dr. Mike Giroux, Dr. Jason Cook for guiding,
supporting, and providing insights for my project. I want to thank Mary Ellen Dietz-Holmes,
Jacob Tracy, Amrit Poudel, Pragya Kiju helping me in the field work, Amrit Poudel and Jenish
Simon for helping me in lab work and Chloe Hinson for helping me in data analysis. I sincerely
thank Foundation for Food and Agriculture Research (FFAR) for funding this project and the
collaborators from North Dakota and Washington for the continuous guidelines and support. All

these people made this project possible.



v

TABLE OF CONTENTS
. INTRODUCTION AND LITERATURE REVIEW ....ocvvviiiiiiiiiiiiiiiic e 1
5005 0o 101150 ) s U 1
| B 1S ¥ 1001 (g A4 (51 PSRRI 2
Origin and DOmEStICAtION ........cciviiiiiieiiiie s 2
Pea Production, Distribution and Trade ........cccccccoeviiiiieiiiii e 3
Peas Production ACIOSS USA ...t nirb e 5
EAAUSES 1ot e e 6
Market Class and USES .......cccvreeeiiieiiiiiiitieiiie ettt e e e s s st br e e s s e s s s s sanbbreene e s 7
Morphological Attributes Of Pea..........cccviiiiiiiiiiiiiiic e 8
Genetic Variation N PEaS ........iiciiiiiiiiiiiiii it 10
Seed Composition 0f PEaS .........ccciiiiiiiiiiiiiiie e 11
S (01 (<31 4 PP PP PPPPRN 11
172 (o) AT 13
| 5o 13 U 14
O1il and VITAIMINS teevvieeiiiiiiiiiiee e e s s ssibbrre e e e e e e s s s saabbreeeeeeesssenreres 15
Genetic Characterization 0f Peas .....cccuvvvviiiiiiiiiiiiiiiic e 15
Molecular Markers and Genetic Tools Used in Peas .........cccccceevuvveeiiiiiineciiiineeenns 16
Gene EXPression 1N Peas .........cccvviiiiiiiiiiiiie e 19
RINA SCQUENCING ...ttt 20
SUMIMATY ... 23
S 13 (=2 LTI O 1= TR 25

. ENVIRONMENTAL AND PHENOTYPIC EVALUATION OF PEA

ACCESSIONS FOR ESTIMATION OF GENE EXPRESSION EFFECT

OF PEA PROTEIN ACCUMULATION ....ccoiitiiiiiicieee ettt 35
Contribution of Authors and Co-AUthOTS ........ccccvveiiiiiii e 35
Manuscript INfOrMAatiON .........ciiviiiiiiiiiiii e 36
5005 0o L0115 70 ) s DR 37
Materials and MethodS..........ccuviiiiiiiiie e 39
P1ant Materials ......uvuuiiiiiiiiiiiiiiiiie ettt 39
Experimental DeSIZN........cciviiiiiiiiiiiiie e 39
ClmAtiC CONAILIONS ...coiiiiiriiiiiiee it e e e et sb e e e e e s st e sbbbarereeeessnas 41

| D F: T v N OFe) 1 (1ot 5 1o ) s W 43
Statistical ANALYSIS ...veivveiiiiiiieii e 45
T 1 SRR 45
Agronomic Data ANALYSIS ...c..eeiuiiiiiiiieiii e 45

D 4TS (s Y- o T 15 (o ) o LR 49

Protein Variation ............ccceeeiiiiiee i 51

Correlation ANALYSIS......coiiiiiiiiiiii e 53

)BT DTS o) U 55



v

TABLE OF CONTENTS CONTINUED

RETRIENCES CILEA ....veiiiiiiiii ettt ettt st see e e nnne s 60

3. GENE EXPRESSION EFFECT OF PEA PROTEIN ACCUMULATION .........ccccouenee. 62
F N 011 2T TP R PP PPPPTOPRPRPOTN 64
INEEOAUCTION ..ttt ettt e e bt e ab e et e e e b e e neeeanbeeanneas 65
Materials and MeEthOdS..........oooiiiiiiiii s 68
Experimental DeSIZN.......ccoiuiiiiiiiiiiie it 68

TASSUE COLLECION. ...ttt 69

RINA EXETACTION ...ttt ettt sttt ettt et s nae e nbeesnee e 70

RNA Extraction using Zymo Kit from Fisher Scientific ..........c.ccooevviviiiiinnnnnn. 72

RNA Quality and QUantity.........cceereeiiueeiiiiiiesieesie e 73

Agarose Gel EleCtrophoresis........ouveiiiiiiieiiiiiiicieee e 73

StatiStICAl ANALYSIS ..ovvvieiiiieiiiie et 74

RESUILS ..ttt nree 75
AVErage GC CONtENT .......cccviiiiiiiiiiie e 77

F N T e41100 157 oL TSRS UPR PP 77
Differential EXpression ANalySis ........ccciiiiiieiiiiiieiiicnee e 78

Gene Ontology ANALYSIS ....cviiieiiiiiiiciie e 82

Biological Pathways..........covoiiiiiieriiiiic e 84

GO: Cellular COMPONENL .....cciviiiiiiiiiiie e 86

GO: MoOleCUlar PrOCESS ......cooueeiiiiiiiiiiiiieiiee sttt 88

Tree DIAZram .......ccooviiiiiiiiceer e 90

Interactive Network Plot.........ccoiiiiiiiiiiiee e 92

DT TS T ) o U OT PP PRPPROTN 96
ReEferences Cited .......ooiiuiiiiiiiiiiie et 99

4. SUMMARY ..ottt ettt h e et 101
REFERENCES CITED......coiiiiiiiiiieie ettt sttt nnee s 103
APPENDICES ...ttt ettt s he et e s et e bt e snb e e naeeenbeenreeenree s 116

APPENDIX A TABLES OF ACCESSION INCLUDED IN THE
EXPERIMENT ...ooiiiiii i 117

APPENDIX B TABLES OF GENOTYPING DATA OBSERVED FROM
SEQUENCING ANALYSIS.....oooiiiiiiiiii 150



Vi

LIST OF TABLES

Table Page
1. Table 1.1. Trend of production of dry edible peas in Montana. ...........cccceevvveriiiveeniineennnn. 5

2. Table 2.1. Approximated maturity distribution for the 300 accessions
Included 1N the StUAY. .....oooviiiii 39
3. Table 2.2. Categories (0-5) 0of damage SCOTE. ......cccuvriiiiiiiiriiiie e 44

4. Table 2.3. Descriptive statistics for field and post-harvest data collected on
300 pea accessions and four check varieties at Bozeman, MT in 2022. .........ccccocveeiieene 49

5. Table 3.1. List of Repeated checks included in the 2021 and 2022 trials in
21045300 T: 1o UL U PR RRRRRRRR 68

6. Table 3.2. List of with Approximated maturity distribution for the 300
accessions included in the EXPEerTMENTS. ......coivviiiiieiiiie e 68
7. Table 3.3. Nanodrop ReESULLS. ..o 76
8. Table 3.4. Qubit IQ Results: Based on 1t eXtraction. ..........ccceevvveeiieesiieeeiiee e 76
9. Table 3.5. Qubit IQ Results: Based on Re-eXtraction. ..........cccceevvvveeiiiiieeeeiiiiee e siieeeens 76
10. Table 3.6. Gene directly associated with StOrage protein. .........ccoceviriverieiininiiieenisieeniens 95
11. Table 3.7. Gene associated with translation and transcription factors. ............c.ceevriennnnn 96

12. Table 3.8. Gene associated with ubiquitin-proteasome pathways. .........ccccovvvriiiieiiinennne 96



vii

LIST OF FIGURES

Figure Page

1. Figure 1.1. World dry pea production in 2022 highlighting the top producing
COUIETI@S. 1ttt tteeuteeeteeeteeseeeesteesseeeabeeeaseebe e e ae e e eee e e st e e ehe e 2 m b e e e he £ 2 ke eeh e e em b e e ehe e e nbeeembeebeeenneenneeannis 4

2. Figure 2.1. Research sites in MT, WA and ND where field trials were
(670 0T L1 o1 (T TP P RSP PRPTOTR PR 40

3. Figure 2.2. Precipitation, air temperature and wind speed at the Arthur H.
Post Farm near Bozeman, MT during the growing season in 2021.........c.cccocvvviiiineennnns 41

4. Figure 2.3. Precipitation, air temperature and wind speed at the Arthur H.
Post Farm near Bozeman, MT during the growing season in 2022...........cccocevvviinnennns 42

5. Figure 2.4. Average temperature (0C) across growing season in
EXPErIMENTAl JOCATIONS. ..iiiuviiiiiiiiiiii ettt e e nraee s 42

6. Figure 2.5. Cumulative rainfall (mm) during growing season in
eXPEriMENtal IOCATIONS. ....viivriiiieiiiic e 43
7. Figure 2.6. Photographic depiction of growing stages of pea.........ccvcvevviieeiiiiniiieeniinnns 43

8. Figure 2.7. Histogram representing yield and protein content and canopy
height fTEQUENCIES. ....vviiiiiiiie e 49
9. Figure 2.8. Yield variation in 2021 and 2022 at Bozeman. ..........ccccoocvevviienniieeniieeniinnns 50
10. Figure 2.9. Yield variation across location in 2021 and 2022...........ccccevveiiiininiiiieinnns 51
11. Figure 2.10. Protein variation based in 2021 and 2022 at Bozeman. ...........ccccceevueeruennne. 52

12. Figure 2.11. Protein content variability across growing location in 2021 and
2022 R R R Rt b r bbb 53

13. Figure 2.12. Linear regression demonstrating the relationship between seed
D2 (52 (0 B 10 Ta 0 (0 304 ST PP RSP PRSPPI 54
14. Figure 2.13. Pearson correlation between traits. .........coceivieiiieiiniieniciiscsesescsee 55

15. Figure 3.1. Stages of flower development used for tagging for sample
COLLBCHION. 1.ttt 69
16. Figure 3.2. Stages of pod filling for sample collection.............ccccceviiiiiiiiiniiniciiien 69



Figure

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

viii

LIST OF FIGURES CONTINUED

Figure 3.3. Gel electrophoresis showing quality variation of RNA samples.........

Figure 3.4. Correlogram heat map for RNA samples. .........ccovvviiiiiiiiiiiiininnnns

Figure 3.5. Principal Component Analysis to visualize gene expression data
with high vs low protein. X-axis explains 62% and the Y-axis explains 7%

o) 1 4 (S22 4 121 4 (o1 <A RTPTRTR

Figure 3.6. Volcano plot representing differentially expressed genes
between high protein lines and low protein lines. The horizontal red line
represents a threshold line. Genes with positive log2fold change were

overexpressed and negative were under eXpressed........ovvvieieiieiniiniie e

Figure 3.7. Gene expression levels under high protein and low protein

LoT0) 0 Te 118 o) 1 TP

Figure 3.8. MA plot of differential gene expression analysis comparing with
DS Admiral. Blue points indicate genes that are statistically significant, with
an adjusted p-value (padj) less than 0.001. Gray points represent genes with

no significant change in expression between the conditions. ..........cceevevvrrieennen.

Figure 3.9. Volcano plot representing differentially expressed genes
comparing with DS Admiral. The dotted blue line represents a threshold
line. Genes with positive log2fold change were overexpressed and negative

WETE UNAET EXPIESSEA. ....vviiriiriieiiriiiee st

Figure 3.10. Gene Ontology (GO) and pathways identified using DS
Admiral as control. The color intensity represents the -log10 of the False

Discovery Rate (FDR). ...ccoiiiiiiiii s

Figure 3.11. Gene Ontology (GO) and pathways identified using low vs

high protein content. The color intensity represents Fold Enrichment. .................

Figure 3.12. Gene ontology and pathways for biological process identified

using DS Admiral as control. ...........ccovviiiiiiiii

Page

........... 77

........... 78

........... 80

........... 81

........... 81

........... 82

........... 83

........... 84

........... 85



Figure

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

X

LIST OF FIGURES CONTINUED

Figure 3.13. Gene ontology and pathways for biological process identified
using low vs high protein CONtent. ..........ccocvriiiiiiiiiiiiiiieese e
Figure 3.14. Gene ontology and pathways for cellular components using DS
Admiral @s CONTIOL.......uiiiiiiiee s
Figure 3.15. Gene ontology and pathways for cellular components using
low vs high protein CONENLt. .........cccvvririiiiiiiieic s
Figure 3.16. Gene ontology and pathways for molecular function using DS
Admiral s CONTIOL .. ..couiiiiiiiiei e
Figure 3.17. Gene ontology and pathways for molecular function using low
VS high Protein CONLENT. ......ccuviiiiiiiiiie e
Figure 3.18. Tree diagram representing functional relationships and
biological processes using DS Admiral as control...........ccocceviiiiiiiinie e
Figure 3.19. Tree diagram representing functional relationships and
biological processes using low vs high protein content. ............ccocevceeiiriinernenne
Figure 3.20. Interactive network visualization for biological, cellular and
molecular fUNCLIONS. ........ccviiiiiic s
Figure 3.21. Functional categories of 456 proteins identified in peas
comparing DS Admiral. .........cccooiiiiiiiii e
Figure 3.22. Functional categories of 262 genes identified in peas

comparing high protein and low protein content. ...........cccooevvriiiiniinicnieicien

Page

........... 86

........... 88

........... 90

........... 92

........... 93

........... 94

........... 95



X

ABSTRACT

Pea (Pisum sativum L.) is a good source of plant-based protein with important
components like globulin, albumin, legumin(11S), prolamin, vicilin(7S), convicilin(8S) and
gluteins. It possesses the functional properties like water solubility, hydration, oil holding
capacity essential for the formulation of industrial products like Ripptein and protein powder.
The study presents an environmental and phenotypic evaluation of pea accessions aimed at
estimating the gene expression effect on pea protein accumulation. Understanding gene
expression patterns associated with pea protein accumulation is vital to successful crop breeding
and plant protein use. Factors impacting breeding and use include gene regulation,
developmental biology, environmental factors, and agricultural practices. The experimental
design included 300 Plant Identification accessions and four repeated checks planted in an
augmented randomized complete block design (RCBD) with one replication in 2021 and two
replications in 2022. Phenotypic evaluations included yield, plant height, pod characteristics, and
protein content. Pl 193837 had the greatest yield (2344 kg/ha) in 2021 and P1 193837 recorded
highest yield (3676 kg/ha) in 2022. The average yield was 1536 kg/ha in 2021 and 1867 kg/ha in
2022. PI1 269777 PSP had the greatest protein content (36.5%) in 2021 followed by P1 269802
PSP (36.3%) and the average protein content was 25%. In 2022, protein percentage was slightly
decreased with Pl 404225 PSP having 34% protein. Yield and protein content were significantly
correlated (r=-0.2, p = 4.54e°). Molecular analysis revealed differential gene expression patterns
associated with pea protein accumulation, highlighting potential candidate genes and pathways.
456 significant genes were identified. Gene Ontology reveals protein synthesis and translation,
stress response, transport function, carbon, propanoate metabolism and glycolysis-
gluconeogenesis pathways associated with significant genes. 33 genes associated with storage
seed protein in peas was identified. The identified genes and pathways help for genetic
manipulation and breeding strategies to enhance nutritional content and functional properties for
pea and other leguminous plants.



INTRODUCTION AND LITERATURE REVIEW

Introduction

The pea (Pisum sativum) is a cool-season annual legume crop belonging to the Fabaceae
family . It is one of the earliest domesticated crops beginning from hunter-gatherer lifestyles,
shifting cultivation to settled agriculture. This transition is marked as a significant event in
human history and called the Neolithic Revolution. The era dates back approximately 11,000
years ago (Zohary et al., 2012).

Pea is cultivated worldwide and is a staple in many diets due to the rich nutritional
content of the seed including protein, dietary fiber, vitamins, and minerals (Hacisalihoglu et al.,
2021). Peas are also consumed as a vegetable and are used in many cuisines around the world.
Pea is considered an abundant source of protein and dietary fiber. They are consumed fresh,
canned, or frozen, and used in soups, stews, salads, and curries.

Peas are nitrogen-fixing plants which can convert unusable forms of atmospheric
nitrogen into usable forms like nitrates, ammonia and nitrites that can be utilized by plants. The
genetics behind the process can improve soil fertility naturally and reduce dependence on
synthetic fertilizers. Peas incorporated with non-leguminous crop and using as rotational crop is
essential. It serves as a cover crop and restore nitrogen in the soil (Ghosh et al., 2007).

Gene expression plays a primary function in determining several traits in peas. Seed
color, shape, size, pod color, plant height, flower position and nutrient content are governed by
specific genes. Understanding pea genetics is essential for refining agricultural practices. It leads
to the creation of sustainable, productive, and nutritious varieties. Knowledge of pea genetics

helps in breeding new cultivars with preferable traits such as insect, pest, and disease resistance,
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and increased yield. This knowledge contributes significantly to global food security, reflecting
the enduring influence of Mendel's work in modern genetic research and its impact on
advancements in crop science and sustainable agriculture.

Genetic tools facilitate a deeper understanding of gene function and supports efforts in
crop improvement. The integration of microsatellites and SNPs enhances the precision of genetic
analysis, enabling informed decisions in pea breeding and management, advancing sustainable
agricultural practices. The use of genetic tools in studying gene expression in peas has opened
new avenues in plant genetics and agronomy. From basic research on gene function to applied
research in crop improvement, these tools are instrumental in unlocking the genetic potential of
peas. RNA Seq implication is increasing in the field like agriculture, plant biology, and
understanding of complex biological systems. The ongoing advancements in genetic
technologies and methodologies continue to enhance the potential to understand and manipulate

the genetic fundamental of important traits in peas.

Literature Review

Origin and Domestication

Pisum is a leguminous crop and the member of family Fabaceae with subfamily
Papillionaceae and tribe Vicieae and includes Pisum sativum (the garden pea), Pisum arvense
(field pea), Pisum fulvum , Pisum abyssinicum and Pisum sativum subsp. elatius (the wild
species of garden pea) (Cousin, 1997).

The origin of the pea (Pisum sativum L.) traces back to the Near Eastern Mediterranean
region and western Asia particularly in regions that are now part of Turkey and Syria (Ljustina &

Miki¢, 2010). These wild peas were smaller and less flavorful compared to cultivated varieties.


https://www.zotero.org/google-docs/?ukmlnQ
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Archaeological evidence has shown that wild pea varieties were likely gathered and consumed
by pre-agricultural communities thousands of years ago, with evidence of their use extending
back to the Neolithic era, approximately 11,000 years ago (Zohary et al., 2012). Archaeological
findings indicate that peas were grown in the parts of Asia and Eastern Mediterranean region as
early as 7,000 B.C (Trnény et al., 2018). The earliest known archaeological finds of peas come
from sites in modern-day Turkey, Syria, Jordan, Israel, Lebanon and Greece (Weiss et al., 2012).
The ancient Greeks and Romans were familiar with peas and utilized them in their culinary
traditions.

Peas became more popular as a food item during the Renaissance. The cultivation of peas
spread throughout the ancient world, including Europe, where they became an important food
source for many cultures. Peas are grown and consumed all over the world in the modern era,
with major production occurring in China, India, and France (Carlson-Nilsson et al., 2021). The
discovery of America and the introduction of new crops from the New World also had a
significant impact on the cultivation and consumption of peas.

Early farmers selected wild peas based on their preference and desirable traits. Peas with
larger seeds, better taste, high nutritional content and pods that did not shatter easily were
selected for domestication (Kislev & Bar-Yosef, 1988). Through generations of selective
cultivation, these traits became more pronounced, leading to the varieties of peas that we are

familiar with today.

Pea Production, Distribution and Trade

Peas are planted for both human consumption and as animal feed. The production of

peas varies across different regions, with countries like Canada, Russia, China, India, and the


https://www.zotero.org/google-docs/?YnHe0w
https://www.zotero.org/google-docs/?NBQC83
https://www.zotero.org/google-docs/?VkeAnC
https://www.zotero.org/google-docs/?p68uiQ
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United States leading in terms of output. Canada is the world's largest producer and exporter of
dry peas with 3.6 million metric tons of production and 3.2 million metric tons of export in 2018-
2019. Similarly, during 2019-2020, production increased to roughly 4.3 million metric tons while
export reduced to 3.1 million metric tons (Mondor, 2020). Canada contributes about 30% of the
total pea production, followed by Russia (15%), China (10%), France (7%), India (7%), and USA
(5%) (Janzen et al.). This trend was similar in 2022 with Canada contributing of about 40%,
followed by Russian Federation (14%), Australia (10%), United States of America (8%) and
Ukraine (4%) (USDA 2022).

Peas are traded regionally and globally. Importers like Asia, the Middle East, and North
Africa consider peas a dietary staple, driving significant international trade. Regional commerce
plays a substantial role within the interconnected markets of Europe and North America. The
trade dynamics surrounding peas underscore their widespread popularity and economic
significance in various regions around the world.

Figure 1.1. World dry pea production in 2022 highlighting the top producing countries.
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Peas Production Across USA

Pea production is concentrated in Washington and Minnesota, Montana and North Dakota
(Field Pea Production, 2021). Dry peas hold significant prominence in the arid farmlands of the
western United States. The primary cultivation zones encompass the Northern Plains, consisting
of North Dakota, South Dakota and Montana, and the Palouse region, which include northern
Idaho, northeastern Oregon, and eastern Washington (Kahraman, 2017). In 2021, the United
States produced a total of 454 million pounds of green peas. Washington State was the leading
producer, with 162 million pounds of green peas, although this was a decrease from the previous
year. Minnesota followed closely, producing 155 million pounds, an increase from the prior year.
Dry pea production increased by 14% from 2022 to 2023 (USDA, 2023). Montana leads in all
states for area harvested and production with 206,390 hectares and 140,824 metric tons followed

by North Dakota with 84,984 hectares and 140,824 metric tons (USDA, 2023) (Table 1.1).

Table 1.1. Trend of production of dry edible peas in Montana.
Year AreaPlanted  Area Yield per Production Price per CWT Value of Production

(1,000 acres) Harvested  Acre (1,000 cwt) (dollars) ($1,000)
(1,000 acres) (Pounds)

2013 440 395 1800 7110 13.50 95985
2014 525 504 1800 9072 11.00 99792
2015 595 550 1450 7975 11.2 89320
2016 610 580 1950 11310 10.5 118755
2017 525 470 820 3854 11.00 42394
2018 335 310 1620 5022 9.56 48010
2019 530 500 2030 10150 8.89 90234
2020 495 478 2070 9895 8.87 87769
2021 565 460 740 3404 14.90 50720
2022 535 495 1440 7128 13.2 94090

(USDA - National Agricultural Statistics Service - Statistics by Subject Results, 2023.)


https://www.zotero.org/google-docs/?bx1HuR
https://www.zotero.org/google-docs/?AzHNJ6

End-uses

Whole peas are a crucial component used in a wide range of food products, including
soups, stews, casseroles, curries, and pasta sauces. They can be used fresh in raw form, cooked,
boiled, steamed, soups, stews, canned, frozen and salads, and are versatile foods that can be
steamed, boiled, or stir-fried (Wu et al., 2023). Similarly, peas are used as an ingredient in pet
food, as they provide a source of protein and fiber. There are different industries which make pea
forage, pea pellets and pea flakes for animal feed. Pea is used as a raw material in the
manufacture of several commercial products, including plant-based protein products, food
ingredients, pet food, biofuel, and fertilizer (Shanthakumar et al., 2022). Pea protein is a popular
ingredient in plant-based protein powders, bars, and snacks, and in plant-based meat alternatives
such as veggie burgers and sausages Peas can be used as a source of biofuel, as they can be
processed to produce bioethanol and fertilizer as they can fix nitrogen in the soil and as a green
manure crop to improve soil fertility.

The global market for peas has been expanding. It has been driven by the growing
demand for plant-based proteins and the versatility of peas in various food products. Peas are
used in a range of products, from traditional soups and stews to modern meat substitutes and
protein powders. The rise in vegetarian and vegan lifestyles has increased the demand for pea
protein, positioning it as a key player in the plant-based market. With a growing focus on plant-
based and health-conscious diets, peas have become a favored option as an abundant source of
plant-based protein, vitamins, fibers, and minerals. There is regional variation in use of peas and

preferences for pea dishes as well.


https://www.zotero.org/google-docs/?LGOqj2
https://www.zotero.org/google-docs/?cUpjQf

Market Class and Uses

Peas are categorized into two major classes: garden peas (or green peas) and field peas.
Garden peas are consumed as immature round seeds, while field peas are primarily used as
livestock feed or dried and split for human consumption. Mature pea seed that does not meet
consumer expectations are also used as animal feed (Stein et al., 2016). Fresh peas are classified
into shelling peas, snow peas and snap peas. Shelling peas are harvested in an immature state and
used in the freezing and canning markets. Typical varieties include Little Marvel, Wando, and
Green Arrow. The entire pod of snap peas is edible and has a sweet, juicy, and crisp texture.
These peas are consumed when the pods are mature filled with seed but not dry (Smykal, 2019).
Typical snap pea varieties include Sugar Ann, Sugar Snap, Sugar Daddy, Sugar Magnolia. Snow
peas are harvested when the pods are flat, and the seed has not begun to fill. Typical varieties
include Oregon Sugar Pod II, Mammoth Melting Sugar, Dwarf Grey Sugar (Janick, 2001).

Peas are often differentiated by their seed type and usage like smooth-seeded and
wrinkled-seeded varieties. Market grades are mostly determined by the appearance of seed, size
shape and color. Smooth seeds are typically used in field peas, while wrinkled seeds are
characteristic of garden peas. There are also specialty peas like snap peas and snow peas, known
for their edible pods and favored in many culinary applications. These peas are consumed when
the pods are matured (Rubiales et al., 2019). Consumers from different parts of the world prefer
different types of peas. People from India prefer yellow peas while consumer from USA prefer

green peas as compared to yellow(Janzen et al., 2014).


https://www.zotero.org/google-docs/?nDPxjf
https://www.zotero.org/google-docs/?I1EoBX
https://www.zotero.org/google-docs/?3HxezO

Morphological Attributes of Pea

The pea is a leguminous plant in the family Fabaceae. It is a 3 - 4 month crop cycle that
can be planted when the ground is wet enough to germinate the seeds with approximate of soil
temperature 40°F and growing conditions between 55 and 64°F (Khan et al., 2013). The sprouting
time changes accordingly based on the amount of moisture present in the soil and with the
increase in temperature the sprouting time reduced (Kuznetsov et al., 2020).

Pea plants may be dwarfs or climbing that may reach up to the height from 0.5 to 2
meters tall. Some require support, while others grow as bushy forms. Spring peas can be bushy
or climbing, often reaching heights of 1 to 2 meters. Peas exhibit a smooth texture and possess a
waxy appearance with a bluish-green hue (Zhao et al., 2020). The stems are hollow and often
climbing, with tendrils that help the plant attach to supporting structures. Vine length ranges
from 30-100 cm, with long, pinnate leaves and delicate, flowers of assorted colors, including
white, pink, pale navy blue, clear red and purple. Pea leaves are pinnately compound, typically
with one to three pairs of leaflets, two large leaflike stipules ending in tendrils. The leaflets are
ovate to elliptical (Yaxley, 2002). Pea's leaf can be either semi leafless, true leafless or normal.
Semi leafless means the leaf with normal stipules and all leaflets are replaced by tendril which
helps to improve the canopy structure and ventilation.

Flower clusters emerge from the junctions of leaves, typically forming racemes
containing one to four flowers. Pea flowers are typically white, pink, or purple and grow singly
or in pairs. However other colors like Navy blue clear red color of peas flower are also visible.
They are papilionaceous, a characteristic shape of the legume family, with a large upper petal,
two lateral petals, and two fused lower petals. The uppermost petal is named the standard, while

the two smaller petals in the center are united and referred to as the keel, owing to their


https://www.zotero.org/google-docs/?ot7VfV
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resemblance to a boat. The lower two petals gradually narrow towards their base and are known
as the wings (Pratap & Kumar, 2011).

Pea flowers are hermaphroditic and self-fertile. Ovary of each flower develops into a pod
containing several seeds ranging from 5-7 (Ionescu et al., 2021). Seed coats surround the seeds,
which is rich in beneficial bioactive compounds such as fibers, protein, flavonoids and phenolic
acids (Nasir et al., 2024). These compounds act as a protective cover for seeds essential for
growth and development of the seeds during germination. The seed structure of peas includes
two cotyledons, an embryo, and a plumule, which represents the plant's early shoot. The
cotyledons serve as nutrient stores to fuel the initial growth of the plant post-germination. The
germination, growth and development process of peas unfolds in a well-coordinated
development stage. Pea seedlings have epigeal germination, leading to the establishment of a tap
root system. Dry seeds absorb water causing it to swell and break its coat (Bewley & Black,
1994). The radicle extends downward to anchor the plant and facilitate water and nutrient
absorption. Hypocotyl elongates propelling the cotyledons above the soil surface. Upon
emerging, the cotyledons unfurl, acquire a green hue, and begin photosynthesis and supply
energy for further growth. Peas roots are nodulated with rhizobium which contains nitrogen-
fixing bacteria, which helps to enrich the soil and provide essential nutrients to the plant. This
makes the pea plant an important crop for soil conservation and for crop rotation. It helps to
maintain soil fertility and improve soil health by reducing the requirement of synthetic fertilizer
(Rennie & Dubetz, 1986).

The fruit is a legume, commonly referred to as a pod. Pods may be of diverse types like

Green, golden green, purple pod or golden yellow pod depending upon the varieties. It contains
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multiple seeds or peas, arranged in a row. Pea plants have taproot system. The root system
includes nodules hosting nitrogen-fixing bacteria (Rhizobium spp.). It allows the plant to convert
unusual form atmospheric nitrogen into a usable form for growth and development.

Peas are valued for their nitrogen-fixing ability, which enriches the soil, making them an
excellent crop for rotational farming practices. This ability to fix nitrogen reduces the need for
artificial fertilizers and promotes a more sustainable form of agriculture (Graham & Vance,
2003). Modern agricultural techniques, including advanced irrigation systems, controlled use of
fertilizers and pesticides, and mechanized farming, have significantly increased the yield and

efficiency of pea cultivation.

Genetic Variation in Peas

Pisum sativum is characterized by a wide range of genetic diversity. The genetic
variation within P. sativum has led to the development of numerous cultivars across a number of
market classes. These are bred for specific traits like pod size, shape (round or wrinkle), flavor,
resistance to disease, growth habit (bush or vine), and maturation time (early maturity, mid
maturity, and late maturity). Each of these traits has been selectively bred to meet specific market
demands and environmental conditions.

Wild relatives and landraces of cultivated pea are a reservoir of genetic diversity. Traits
such as drought tolerance, pest resistance, and enhanced nutritional content found in wild peas
can be introduced into commercial cultivars through traditional breeding or modern genetic
techniques. This incorporation of wild genetic material is essential for maintaining the resilience
and adaptability of pea crops in the face of changing climatic conditions and emerging

agricultural challenges.
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Locally adapted traditional varieties developed through centuries of farmer selection
contribute significantly to the genetic pool of cultivated peas. Unique genetic traits present in
landraces such as specific disease resistances or adaptations to local environmental conditions

helps breeders to enhance the genetic diversity and robustness of new pea varieties.

Seed Composition of Peas

Pea seed is abundant in macronutrients like proteins, starches, dietary fiber, and non-
starch polysaccharides. Average composition of pea seed includes 25% crude protein, 2% lipids,
69% carbohydrates, 2% crude fiber and 3% minerals (Daba & Morris, 2022). Carbohydrates
include starches which are crucial for energy storage and dietary fibers. It aids in digestion and
contribute to overall health. Non-starch polysaccharides present in the seeds play important role
in maintaining gut health and preventing chronic diseases.

Minerals present in the seed include sodium, phosphorous, iron, calcium and potassium
(Amarakoon et al., 2012) and selenium (Thavarajah et al., 2010). Beneficial bioactive
compounds such as flavonoids and phenolic acids are predominantly found in the seed coat
(Nasir et al., 2024). It possesses antioxidant, anti-inflammatory, and antimicrobial properties.
Phytic acid, lectin, and trypsin inhibitors present in pea seed are considered antinutritional

factors (Zhao et al., 2020).

Protein

Pea seed are protein ranges from 20% to 30% of dry weight (Daba & Morris, 2022). Pea
protein is particularly valued for its balanced amino acid profile and digestibility. Pea protein
consists of globulin (65-80%), albumin (10-20%) and glutelins in trace amount. The globulin is

further classified into 11S legumin, 7S vicilin and 8S convicilin (Kumari et al., 2022). Peas
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contain all nine essential amino acids, but it consists of relatively low amounts of methionine,
cystine and tryptophan (Leterme et al., 1990), (Daba & Morris, 2022). Hence, they are often
considered an incomplete protein. Peas combined with other protein sources like cereal grains
can provide a full amino acid profile. Histidine typically constitutes between 1.1% to 1.6%,
while isoleucine ranges from 2.3% to 4.5%. Leucine comprises 6.5% to 7.5%, and lysine falls
within the range of 4.0% to 4.5%. Methionine, on the other hand, contributes about 0.8% to
1.0%, and phenylalanine ranges from 4.0% to 4.5%. Threonine typically ranges from 3.0% to
3.5%, whereas tryptophan is found at about 0.7% to 1.0%. Valine makes up around 4.5% to 5.0%
of the total amino acids present in peas (Cudmore, 2023). Levels of essential amino acids per 100
gram of pea protein varies. Threonine ranges from 1.3 to 5.4 grams, methionine from 0.0 to 2.2
grams, phenylalanine from 1.8 to 4.2 grams, histidine from 0.7 to 2.8 grams, lysine from 1.0 to
7.1 grams, valine from 1.3 to 4.3 grams, isoleucine from 1.0 to 3.8 grams, and leucine from 2.6
to 8.8 grams (Gorissen et al., 2018). These amino acids support growth, immune system
regulation, muscle metabolism, hormonal, collagen and elastin production, neurotransmitter
production, and overall wellbeing.

Pea protein contains non-essential amino acids, with levels per 100 grams of pea protein
ranging from 3 to 5 grams of alanine, 9 to 12 grams of aspartic acid, 0.2 to 1gram cystine, around
13 grams glutamic acid, 2.8 to 4.1 grams glycine, 3 to 5 grams proline, 4 to 5 grams serine, and 3
to 4 grams of tyrosine (Shanthakumar et al., 2022). Alanine aids in energy metabolism, while
arginine contributes to immune function and wound healing. Asparagine plays a role in
synthesizing other amino acids, and aspartic acid is involved in the citric acid cycle and energy

production. Cysteine supports detoxification and acts as an antioxidant. Glutamic acid is
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essential for cognitive function and digestion, while glutamine supports the immune system and
intestinal health. Glycine aids in collagen production and detoxification, and histidine is vital for
growth and tissue repair, for infants and children. Proline is crucial for collagen formation, serine
is involved in DNA production and metabolism, and tyrosine is essential for thyroid function and
neurotransmitter production. The diverse amino acid composition highlights pea protein as a
nutritious option for individuals seeking plant-based protein sources. It supports individual
overall health and well-being. The constituents of protein differ based on multiple factors like the
variety of peas, growing conditions, and processing methods. The high-quality protein in peas,
combined with its digestibility, makes it a valuable source of protein in vegetarian and vegan
diets. It is extensively used in protein powders and meat substitutes. It is an easily available,
affordable, and sustainable crop. Due to the presence of its functional properties which includes
its solubility, foaming, water holding capacity, oil holding capacity, gelling property and
emulsification property, it makes it a valuable ingredient in the food industry (Kumari et al.,
2022) . Pea proteins are considered as functional ingredients in global industry due to their lower

allergenicity (Daba & Morris, 2022).

Starch

Starch is the primary carbohydrate found in peas. It accounts for about 40-60% of the dry
seed weight. Peas possess starch of about 40% of their composition (Yu et al., 2021). The starch
in peas has a unique composition that includes both rapidly digestible and slowly digestible
fractions. This composition makes it beneficial for sustained energy release and blood sugar
management. The inherent starch form is white colorless powder with neutral-tasting, non-GMO,

gluten-free that are free from allergens. Pea starch mainly comprises two types of
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polysaccharides: amylose (20-30%) and amylopectin (70-80%). Peas like marrowfat, green, and
yellow varieties contain significant amounts of amylose, with values ranging from 50% to 54%
(Lu et al., 2022). Amylose is a linear polymer responsible for forming resistant starch, which is
less digestible and beneficial for gut health. Amylopectin contributes to the gelatinization and
viscosity of pea starch (Shevkani et al., 2024). It influences the textural properties in food. The
unique properties of pea starch find applications in food processing as a thickening, binding, or
texturizing agent (Sun et al., 2021).

There is an inverse relation between pea protein content and starch content. High pea
protein content ranges from 27% to 34%, compared to other pea types, which have starch content
ranged from 46% to 47%. However, the amylose content in high pea protein ranged from 75% to

89%, while other pea has amylose content ranged from 50% to 54% (Shen et al., 2016).

Fiber

Peas are a reliable source of fiber consisting of both soluble and insoluble dietary fiber.
The fiber content can vary but constitutes about 5-10% of the dry weight. Dietary fiber has low
glycemic response and can help in regulating blood sugar levels (T. Kumari & Deka, 2021).

Pea seeds contain substantial amounts of dietary fiber, ranging from 23% to 31%. Within
this fiber content, soluble dietary fiber (SDF) constitutes 3.9% to 8.0%, while insoluble dietary
fiber (IDF) makes up 19% to 23% (Wu et al., 2023). The soluble fiber includes gums, pectin,
mucilage which are beneficial for regulation of blood sugar level and cholesterol levels.
Insoluble fiber composed of cellulose, hemicellulose and lignin that aid in digestion and prevent

constipation (Jahan et al., 2020).
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Oil and Vitamins

Pea seed contains small amounts of oil and the percentage vary from literature to
literature. Daba and Motris (2022) reported around 1-2% oil by dry weight in pea seed. Another
research by Khodapanahi reported about 0.9 to 5% lipid concentration in pea seed (Khodapanahi
et al., 2012). The oil primarily consists of unsaturated fatty acids particularly linoleic and alpha-
linolenic acids (De Lorgeril & Salen, 2004). These acids are beneficial for heart health. Pea
samples also contain saturated fatty acids like palmitic and stearic acids (Villalobos Solis et al.,
2013).

Peas are a reliable source of vitamin B, including folate, and essential macro minerals
including iron, magnesium, phosphorus, and potassium (Hacisalihoglu et al., 2021). It consists of
various bioactive compounds like phenolic acids, flavonoids, and saponins, which have
antioxidant and anti-inflammatory properties. Peas also contain antinutritional factors like phytic
acid, tannins, and lectins, which can interfere with the absorption of certain nutrients (INRA

CIRAD AFZ, n.d.). However, proper cooking and processing methods can reduce their impact.

Genetic Characterization of Peas

Pea contains 2n=2x=14 chromosomes. The genome of the pea is large compared to other
crop plants and is estimated at 4.45 gigabase pairs (Gb) (Kreplak et al., 2019) . The karyotype of
pea includes five acrocentric chromosomes i.e. 5, 3, 6, 4, and 7 with a secondary constriction that
are distinguished based on the length of the arm, centromere and position of nucleolus organizer,
and 2 submetacentric chromosomes i.e. 1 and 2. (Ellis & Poyser, 2002). Measured the total

length of all the chromosomes in the diploid (2n) state is amounted to 224 micrometers (pum)
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(Murtaza et al., 2005). The chromosomes averaged 16 um in length, with the longest being
nearly 20 pm and the shortest around 11 pm (Murtaza et al., 2005).

Gregor Mendel's legacy laid the foundation for laws of inheritance based on his
observations on traits like seed shape and flower color. Mendel's pea experiments explain
fundamental principles such as the segregation of genes and independent assortment, forming the
basis of our understanding of heredity. In contemporary genetic research, peas are instrumental
in understanding gene expression, mutation, and gene interactions (Yang et al., 2022). This
knowledge is pivotal in plant breeding, facilitating the development of pea cultivars with novel
and desirable traits like accelerated yield, resistance to pests and disease, and adaptability to
diverse environmental circumstances. Pea has a simple genomic structure which makes it a

model organism in genetic studies.

Molecular Markers and Genetic Tools Used in Peas

Early genetic maps of pea began with Wellensiek constructing a six-linkage group (LG)
map in 1925 and Lamprecht publishing a full map in 1948 (Tayeh, et al., 2015). Genetic DNA
markers such as restriction fragment length polymorphisms (RFLPs) began to be used in the
early 1980s. Technology advanced to include AFLPs, SSRs, and SNPs allowing increased
resolution, throughput, and cost-effectiveness (Nadeem et al., 2018). Development of more
sophisticated marker systems like amplified fragment length polymorphisms (AFLPs) involves
selective amplification of DNA fragments and provide high resolution of genetic variation. Other
markers comprise simple sequence repeats (SSRs) which are also known as microsatellites.
SNPs are genetic variations occurring at a single nucleotide position within DNA sequences and

provide a high-resolution tool for genetic studies in peas (Tayeh, et al., 2015). RAPD (Random
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Amplified Polymorphic DNA) markers are short, random DNA sequences and have limited
utility in marker assisted selection (Tayeh, et al., 2015).

Advancements in pea genomics have lagged due to challenges caused by its large and
repetitive genome. Extensive genomic and post-genomic tools have been developed. These tools
include Bacterial Artificial Chromosomes (BAC) libraries, numerous types of molecular marker
like RFLP, CpSSR, RADP, advanced technologies like CRISPR-Cas9 gene editing, datasets of
transcriptome, proteomics and metabolomics, and mutant populations for reverse genetics.
Development of high throughput -omics methodologies provide immense potential for
developing innovative selective breeding tools to enhance pea genotypes and ensure
sustainability in current and future climates and farming systems (Smykal et al., 2012). High-
density genetic maps have been developed in pea providing a broad-based overview of genomics
of plants including all genes and regulatory elements (Tayeh, et al., 2015). These resources have
paved the way for renewed pea breeding programs along with facilitation of the identified genes
accountable for disease, insects and pest resistance (Parihar et al., 2022).

RNA sequencing (RNA-seq) has been used to study the transcriptome and understand
gene expression under different conditions. The expressed genes provide a valuable insight in the
molecular mechanism underlying various biological processes in peas and its adaptation. Gene
editing has been applied to pea and led to pronounced changes in the levels of specific fatty
acids, impacting the overall flavor characteristics of the yellow peas (Bhowmik et al., 2023).
Proteomics and metabolomics techniques involve studying the complete set of proteins

(proteomics) and metabolites (metabolomics) present in pea cells.
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A comparative transcriptomic analysis was done during seed development of vegetable
pea (Zhewan 1) and grain pea (Zhongwan 6) by Liu and his coworkers (Liu et al., 2015). RNA-
Seq data generate 186,660,706 high-quality reads of 100 bp each, totaling over 18 billion
nucleotides of sequence data (Liu et al., 2015). 47,526 coding genes were identified in pea
cultivar ZW6. The average gene length and average coding sequence length were 2,563.7 bp and
1,122.3 bp respectively (Yang et al., 2022). Similarly, 408 million and 352 million high-quality
reads were generated for Australian field pea i.e. Kaspa and Parafield (Sudheesh et al., 2015).

The full genome sequences of three legume species including soyabean have provided
valuable insights through genome-wide comparisons that reveal the co-linearity and synteny with
pea (Bordat et al., 2011). Medicago truncatula and Lotus japonicus revealed synteny and
collinearity with peas (Sato et al., 2008). By combining candidate gene approaches and co-
linearity analysis, genes that govern crucial agronomic traits including virus resistance and plant
architecture have been successfully identified. Multiple discoveries like disease resistance in
crops, yield improvement and nutritional enhancement have been made by utilizing the
information in marker-assisted selection (MAS) initiatives. 2 symbiotic genes that lies in 5 and 7
linkage group was identified that are useful for cloning and gene mapping (Kulaeva et al., 2017).
It enhances accuracy and accelerates the breeding processes. Research conducted by (Ghafoor &
McPhee, 2012) identified er/ gene showing resistance to powdery mildew using MAS and QTL
analysis. However, full integration of MAS into breeding of peas has not been realized.
Molecular evaluation and analysis of pea accessions has demonstrated significant variation

within cultivated gene pools.
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Gene Expression in Peas

Mutations at specific loci can also affect starch content and composition. It alters the
activity of isoforms that impact carbohydrate metabolism and development (Yu et al., 2021).
Research conducted by Madan in 1990 showed that SBE1 (Starch-Branching Enzyme 1) gene
produces starch. Wrinkled pea seeds (77) are due to a mutation in SBE1. It leads to less starch
and higher sugar content, causing the seeds to appear wrinkled as they dry (Bhattacharyya et al.,
1990). Mutations at the b locus affecting ADP-glucose pyrophosphorylase were identified and a
unique variant (JI 2110) exhibits a maternally influenced, environment-sensitive wrinkled
phenotype, distinct from typical wrinkled and round seeds (Rayner et al., 2017).

Research has been done to study protein content, composition and starch and
carbohydrate metabolism. The most abundant storage protein in peas are globulins, legumin and
vicilin (Gatehouse et al., 1982). These storage proteins are synthesized by the multiple genes and
the mutants that affect protein composition has been discovered (Robinson & Domoney, 2021).
Legumin and vicilin genes are expressed in a tissue-specific manner. Expression of legumin and
vicilin are high in cotyledons and very low in leaves (Gatehouse et al., 1982).

Understanding the genes involved in stress response is critical for enhancing the
resilience of peas under adverse conditions such as drought and disease. Both major and minor
QTLs that govern biotic stresses have been analyzed and employing dependable DNA markers
surrounding these genes/QTLs could expedite their integration into pea breeding programs
(Parihar et al., 2022).

Unraveling the complex gene expression patterns underlying nitrogen fixation in
symbiosis with bacteria is crucial for optimizing this process in peas, contributing to sustainable

agriculture. Expression analysis of specific genes has been conducted to understand this abiotic
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stress like temperature and nitrogen content (Shi et al., 2023). High temperatures lead to the
denaturation of nitrogenase responsible for nitrogen fixation (Rainbird et al., 1983). There is high
regulation of heat shock proteins in peas influenced by high temperature. These proteins are
involved in osmotic stress response (Ding et al., 2022). Heat stress response involves a network
of heat shock proteins, transcription factors, and other regulatory elements. The study conducted
by Kotak and his coworkers in 2007 focuses the interplay between these components to ensure
plant survival under high-temperature stress. Plant regulatory hormones play an important role in

heat stress signaling (Kotak et al., 2007).

RNA Sequencing

Application of RNA sequencing (RNA-seq) in peas has evolved significantly over time.
Before the discoveries of high-throughput sequencing technologies, studying gene expression in
peas and other plants involved more time-intensive methods like Northern blotting or
quantitative PCR (Yang, et al., 2022). These techniques evolved during the 1970s and could only
analyze a few genes at a time. Introduction of DNA microarrays allowed transcript abundance to
be determined (Galbraith & Edwards, 2010). This allowed for the simultaneous analysis of
thousands of genes. Microarrays were limited to known sequences and had issues with sensitivity
and quantification (Wilson et al., 2006). During the 1970s Sanger sequencing, also known to be
first-generation sequencing was developed. This method was initially used for DNA sequencing
which is later adopted for RNA sequencing as well. But because of the limited stability, low
throughput and high initial cost, the method is replaced by more modern and advanced second-

generation sequencing also known as next- generation sequencing during mid-2000s. The current
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trends focus on improving accuracy, effectiveness in cost and combining the techniques of RNA
seq for transcript assembly, isoform quantification and differential expression.

Development of the pea genome sequence produced a published sequence of
approximately 1300 gigabases using DNA sequencing techniques. A combination of full PacBio
single-molecule real-time (SMRT) sequencing of 10x Genomics sequencing, chromosome
conformation, capture (Hi-C) sequencing, Bionano optical mapping, and Illumina NGS
technologies was used to develop pea genome sequence (Yang, et al., 2022). A second
sequencing effort assembled the nuclear genome into seven pseudomolecules, facilitating a
comprehensive understanding of its organization and architecture (Kreplak et al., 2019).

Development of next-generation sequencing techniques makes RNA-seq feasible and was
quickly adopted for comprehensive transcriptome studies in peas. This technology allows
sequencing of all RNA transcripts in a sample and provides a detailed view of gene expression
(Wang et al., 2009). It is highly sensitive and can detect novel transcripts, alternative splicing
events, and more accurate quantification of gene expression levels and high speed. It does not
require prior knowledge of the genome. So, it is also beneficial for non-model organisms (Y. Han
et al., 2015).

RNA-seq has been used in peas to study gene expression under various conditions
including different developmental stages, response to environmental stresses, or to understand
disease resistance mechanisms. Susete Alves and his mates identified gene associated with
regulatory networks and metabolic pathways across different seed development stages of pea.
46,099 contigs associated with root nodulation were identified (Alves-Carvalho et al., 2015). It is

also a key tool in functional genomics to annotate genes in the pea genome. Future advancements
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in RNA-seq technology may offer even higher resolution and sensitivity, allowing for single-cell
transcriptomics in peas. This would enable the study of cellular heterogeneity and more precise
gene expression profiling. The integration of RNA-seq data with other omics datasets, like
genomics, proteomics, and metabolomics, is expected to anticipate a more holistic understanding
of biological processes in peas (Dai & Shen, 2022). Improved bioinformatics tools will enhance
the ability to handle, clean analyze and interpret the huge data set generated by RNA-seq. This
includes better algorithms for transcript assembly, differential gene expression analysis, and
functional annotation. RNA-seq will help to identify key genes associated with desirable traits
and in understanding the molecular basis of these traits (Deyneko et al., 2022). Peas play a
crucial role in nitrogen fixation through symbiosis with bacteria. RNA-seq is expected to shed
more light on plant-microbe interactions.

RNA sequencing has revolutionized the way gene expression is studied in crops.
Sequencing approach includes gene-by-gene analyses, comprehensive genome-wide approach
and bioinformatics. The plant specific dataset like Gene Bank, Arabidopsis Information
Resources (TAIR), PlantGDB, Phytozome, EnsembPlants, Pulse Crop Database, NCBI provides
gene annotations, genomic data and tools required for this analysis in plants (Ong et al., 2016).

Enrichment analysis tools like Gene Ontology (GO), or KEGG describes Biological
Process (BP), Molecular function (MF), and cellular components (CC) (Silberstein et al., 2021).
The databases like KEGC include plant specific pathways. It helps to understand biological
processes, photosynthesis, and hormone signal transduction. Tools like MapMan are designed to
understand biological processes. It visualizes and annotates the plant genomics data in context of

metabolic pathways (Thimm et al., 2004).
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Identification of differentially expressed gene helps in constructing Protein-Protein
Interaction (PPI) networks with the help of tools like STRING or Cytoscape. The study
highlights key proteins their interactions and pinpoints hub genes that might be crucial in the
underlying biological processes (Wang et al., 2023). Validation of these findings through
experimental techniques like quantitative PCR (qPCR), Western blotting is essential for
confirming the RNA-seq data and further investigating the roles of these genes in the biological
or disease context. Comparative analysis across different conditions or species can reveal
common and unique DEGs and pathways, providing insights into biological response

mechanisms (Jendoubi, 2021).

Summary

Pea is an important leguminous crop offering many nutritional benefits. They are a good
source of plant-based protein with important components like globulin, albumin and gluteins.
Functional properties of pea protein including water solubility, hydration, oil holding capacity
are essential for many commercial products. It lacks certain essential amino acids like
methionine, cystine and tryptophan which make pea an incomplete protein source. Strategies for
improving protein quality through breeding and processing techniques enhance the amino acid
profile and overall nutritional value of pea protein. Peas incorporated with other crops and used
for crop rotation have the potential to disrupt disease cycles, enhance nitrogen fixation, and
improve soil fertility, thereby rejuvenating agricultural ecosystems. Improvements in next-
generation sequencing and bioinformatics tools have provided powerful means to analyze
complex genetic mechanisms. RNA-sequencing demonstrates and identifies key regulatory genes

involved in protein synthesis and accumulation. Gene ontology and functional analysis provides
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an outline for classifying gene functions and helps to reveal the biological processes, cellular
components, and molecular functions associated with gene expression changes.

High expression of ribosomal protein genes during seed development is essential for
producing and accumulating storage proteins. Heat shock proteins (HSPs) act as a stabilizing
protein and protects them from stress-induced denaturation, ensuring efficient nitrogen fixation
and protein accumulation. Understanding gene expression effect on pea protein accumulation
presents the opportunity to optimize protein yields and helps to build a comprehensive
understanding of the genetic control of seed protein accumulation. Understanding the complex
interplay of genetic factors and their expression is crucial for developing pea varieties with
maximized protein content enhanced nutritional components and quality, and overall crop

productivity.
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Introduction

Peas provide a multifaceted benefit to agriculture and humankind through their
nutritional characteristics. Peas offer a valuable contribution to a well-rounded diet as they are
rich in essential nutrients such as vitamins (particularly vitamin K and vitamin C), minerals
(including iron and magnesium), and dietary fiber. Their relatively high protein content makes
them a crucial plant-based protein source. Peas hold significance as a major crop for both fresh
consumption and fractionated products, generating substantial revenue in the processed food
industry. Functional properties of pea protein including its solubility, foaming potential, water
holding capacity, oil holding capacity, gelling and emulsification properties makes it a valuable
ingredient in the food industry (Kumari et al., 2022).

Environmental factors like temperature, light, soil quality, and water availability
significantly influence protein accumulation in peas. Maintaining optimal soil temperature and
moisture levels helps effective nitrogen fixation. Peas engage in nitrogen fixation, enhancing soil
fertility and reduce dependency on synthetic fertilizers (Kebede, 2021). It plays a crucial role in
protein synthesis as well. Enhanced nitrogen availability improves root biomass and stabilizes
the soil. This not only supports sustainable farming practices but also controls soil erosion and
contributes to protecting topsoil and its nutrients (Adetunji et al., 2020). Adequate light ensures
robust photosynthesis and provide necessary energy for the formation of protein. Farmers can
improve protein yields by handling the environmental conditions.

Seed protein content contributes to individual health and broader societal considerations.
Proteins are essential macronutrients comprised of amino acids, which play fundamental roles in

the cell and tissue maintenance, body structure, function, and overall well-being. They are


https://www.zotero.org/google-docs/?HqGW6n
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essential for muscle maintenance and growth, facilitating muscle protein synthesis and
supporting the retention of lean muscle mass. They are also integral to cellular structure and
function. They participate in vital processes such as enzymatic reactions, cell signaling, and
substance transport.

The inclusion of protein in meals aids in satiety and weight management, as protein-rich
foods are often more filling and contribute to reduced overall caloric intake. Protein influences
blood sugar regulation and slows the release of glucose into the bloodstream. Proteins contribute
to bone health, providing strength and flexibility to the skeletal structure. Proteins play a central
role in wound healing by participating in the formation of new tissues and the repair of damaged
cells. Increasing protein content is a fundamental aspect of promoting overall health and
supporting various physiological functions.

Pea protein is crucial in the animal feed industry. It provides a high-quality, sustainable
protein source for livestock, poultry, and aquaculture. The balance amino acid profile and
tremendous digestibility promote healthy growth and development in animals. Pea protein serves
as a nutritious alternative to traditional feed ingredients like soybean meal. It offers comparable
protein content without the associated environmental impact.

The objective of this project was to characterize the seed protein content of dry pea
accessions grown in Bozeman, MT and compare protein accumulation of the same accessions

grown in WA and ND.
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Materials and Methods

Plant Materials

Three hundred accessions obtained from the USDA-ARS Genetic Resources Unit in
Pullman; WA were included in the field trials at all locations (Table 2.1), (Appendix A1). Four
checks with two common checks (DS Admiral and Hampton) in all growing locations and 2 local

checks (ND Dawn and Aragorn) in Bozeman were used.

Table 2.1. Approximated maturity distribution for the 300 accessions included in the study.

No. of Accessions  Flowering Days Type of Maturity
72 lines < 55 days to 50% flowering Early maturity
120 lines 56-63 days to 50% flowering Mid-maturity
108 lines > 64 days to 50% flowering Late maturity

Experimental Design

Field experiments were carried out in Montana, Washington, and North Dakota (Figure
2.1) following local production practices and a common research protocol. In Montana, field
trials were conducted at the Arthur H. Post Research Farm (45.6737° N, 111.1559° W, elevation
1469 m) near Bozeman, Montana, USA in Amsterdan silt loam type of soil. In North Dakota,
field trials were conducted at the North Dakota Agricultural Experiment Station (46° 57.7816' N,
97° 1.1885'W, elevation 281 m) near Prosper, North Dakota, USA in Williams soil series. In
Washington, field trials were conducted at the Pullman Research Farm (46.75N, 97° 117.12°W,

elevation 778 m) near Pullman, Washington, USA in clay loam soil.
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Figure 2.1. Research sites in MT, WA and ND where field trials were conducted.

The experiments were grown with one replication in 2021 due to limited seed quantities
and two replications in 2022 using an augmented Randomized Complete Block Design (RCBD)
with four repeated checks. Check varieties were placed diagonally throughout the experiment for
a total of 350 research units. Three pseudo-blocks were assigned to approximate maturity groups
for harvest ease, and accessions were randomized within each maturity group (Table 2.1).

In Bozeman, field experiments were sown on 29 April 2021 and 18 April 2022. Plots
were established with 6 rows spaced 22.5cm apart and 3.3 m long using a Wintersteiger XXL
(Wintersteiger Co, Salt Lake City, UT). Each experiment was sown into wheat stubble. Planting
density was 86 plants/sq m. The field was irrigated with Scm of water one week before planting

in 2022 which facilitated seed germination.



41

Climatic Conditions

Weather data from each location was obtained from the Western Regional Climate Center
(WRCC). Average temperature recorded during the growing period of 2021 was 5.1, 9.7, 19.8,
22.7, 18 and 14.7°C in April, May, June, July August and September respectively with an
average of 15°C over the growing period. Similarly, rainfall recorded during April, May June,
July August and September was 0.8, 2.3, 0.2, 0.6, 1.6 and 0.1 mm respectively during the
growing period in 2021 (Figure 2.2). Temperature in 2022 was 2.5, 9.1, 15.6, 21.7 and 21.9°C
respectively for April, May, June, July and August and averaged of 14.4 °C over the growing
period and precipitation was 1.0, 4.0, 2.5, 1.27, 0.3, and 1 mm respectively for April, May, June,
July and August respectively (Figure 2.3). The peas are grown in Soils at the MSU Arthur H.

Post Farm were an Amsterdam silt loam with pH of = 7.4-8.

Figure 2.2. Precipitation, air temperature and wind speed at the Arthur H. Post Farm near
Bozeman, MT during the growing season in 2021.
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Figure 2.3. Precipitation, air temperature and wind speed at the Arthur H. Post Farm near
Bozeman, MT during the growing season in 2022.
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Average temperature recorded at Bozeman in 2021 was 15 °C and 14.4 °C in 2022.
Temperatures were comparatively higher in Prosper, ND with an average of 16.8 °C in 2021 and
15.6 °C in 2022. The average temperature in 2021 in Pullman, WA was 16.6 °C and 14.9 °C in
2022 (Figure 2.4). The rainfall recorded in 2021 was 0.9 mm in 2021, 1 mm in 2022 at Bozeman,
1.6 mm in 2021 and 3.2 mm in 2022 at Prosper, and 0.4mm in 2021 and 1.5 mm in 2022 at

Pullman (Figure 2.5).

Figure 2.4. Average temperature (°C) across growing season in experimental locations.
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Figure 2.5. Cumulative rainfall (mm) during growing season in experimental locations.
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Data Collection

Phenotypic data for agronomic traits including plant height, plant stand density, date of

10% bloom, lodging, and canopy height (cm), and maturity date were collected (Figure 2.6).

Plant characters such as flower and seed color were recorded. Post-harvest yield (kg/ha), 1000

kernel weight (gm), protein content (%), and moisture (%) were also recorded.

Figure 2.6. Photographic depiction of growing stages of pea.
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Plant stand count was recorded as the number of plants in 1 m of row averaged across

two measurements per plot collected from interior rows of the plot. Plant and canopy
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heights were recorded at two interior positions in each plot at the mid-pod fill stage. Canopy
height was also measured at two places in each plot at harvest maturity. Data of flowering was
collected when 10% of the plants had an open flower and the final bloom date was collected
when 10% of the plants still had an open bloom. Maturity date was collected when 95% of the
pods were tan in color and all pods were flexible (leathery).

Visual lodging score was recorded before harvest using a 1-9 scale, where 1 is erect and 9
is fully lodged. A rating was given based on the extent of physical or pest-related (pea leaf
weevil) damage. Six categories were given to define the severity of damage where 0 means no

damage by insect pest and 5 being complete defoliation of the leaf (Table 2.2).

Table 2.2. Categories (0-5) of damage score.

Feeding Damage Definition

0 0 notches/plant

1 < 3 notches/plant

2 > 5 notches/plant

3 Most leaves have several notches
4 Notches circles most leaves

5 Defoliated plant

Rating scales of leaf damage: (1=1-10% of leaf margin with damage, 2=11-50%, 3=51-75%, 4=
76-100%) (Almogdad & Semaskien¢, 2022).

The total plot seed yield was recorded. The weight of one thousand seeds from each
sample was recorded in grams. Seed coat color was recorded post-harvest. The duration from
planting to flowering and from flowering to maturity was recorded to determine the duration of
flowering. Protein and moisture content were measured using near-infrared reflectance (NIR)
spectroscopy using an Infratec™ 1241 Grain Analyser (Foss North America, Minneapolis,

Minnesota).
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Statistical Analysis

Data collected were analyzed using R version 3.4.2 and R studio packages such as 'dplyr’,
'ggplot2', 'Ime4', and 'car', corrplot, tidyr and metan were used for the analysis. Categorical
variables such as year were treated as factors. Evaluation of genotypic effects was performed by
carrying out an analysis of variance (ANOVA) and treatment mean comparisons were
determined by the least significant difference at p=0.05.

Levene’s test, and Shapiro-Wilk test, and qqnorm test were performed to check
homogeneity and normality of the data. Pearson’s correlation was used to establish the

relationship among traits.

Results

Agronomic Data Analysis

White and Purple are the main colors observed flower during flowering, with 158 and
122 occurrences respectively. Other variations include Purple & white (17), Pink (5), and Pink &
purple (2), along with a few other less common descriptions. Some of the seeds are with testa,
some with black hilum, some are speckled while some are tan in visual appearance. Yellow is the
most prevalent color, with 215 occurrences. A diverse range of other colors and patterns were
present, including Brown speckled (60), Green (53), Purple speckled (35), and others, totaling
112 unique descriptions. The presence of multiple shades of seed colors even in the single color

like green, greenish testas, brown speckled makes each genotype a unique type. This indicates a
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significant variety in seed coat color characteristics among the samples. Cotyledon color is
predominantly yellow.

Based on visual conformation there are 2 types of seeds: round and wrinkled. The shapes
are primarily Round with 202 occurrences and Wrinkle with 102 occurrences, showing a clear
distinction in seed morphology. Round shape is more prominent. Peas with Wrinkle shape seeds
have a higher concentration of protein than that round. Wrinkle seeds have high albumin content,
and amylose (Ren et al., 2021). They have lower globulin and starch relative to rounded seeded
types. Dark coat color is rich in flavonoid compound (Quilichini et al., 2022).

Highest yield was observed in PI 164836 (2345 kg/ha) in 2021. PI 142775 PSP (2272
kg/ha), P1 196017 (2200 kg/ha), PI 194349 (2177 kg/ha), P1 140298 PSP (2081 kg/ha), PI
248181 PSP (2057 kg/ha), and PI 266070 PSP (2057 kg/ha) are other high yielding lines in 2021.
PI 198735 PSP (263 kg/ha), PI 308796 PSP (239 kg/ha), P1 343278 (168 kg/ha), P1 261677 PSP
(95 kg/ha), P1 244121 PSP (95 kg/ha) do not yield well (Appendix A2).

Highest yield was observed in PI 193837 (3676 kg/ha) in 2022. PI 198072 PSP (3531
kg/ha), P1 476409 PSP (3402 kg/ha), PI 193838 (3294 kg/ha), PI 343824 PSP (3134 kg/ha), and
PI 179459 PSP (3132 kg/ha) are other high yielding lines. PI 249645 PSP (143 kg/ha), PI 116944
PSP (141 kg/ha), P1 220189 PSP (131 kg/ha), P1 207508 PSP (108 kg/ha), P1 222071 PSP (108
kg/ha) yielded low (Appendix A3).

Highest protein percentage was observed in PI 269777 PSP with 36.51% followed by PI
269802 PSP (36.28%), P1 409031 PSP (35.67%), P1 324703 PSP (35.52%), P1 27116 PSP

(35.23%) and PI1 280619 PSP (35.01%) in 2021. Protein concentration ranges from 25-26. PI
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499982 PSP (27.35 %), P1 156720 PSP (26.93%), P1 261666 (26.9%), PI1 207508 PSP (26.69%),
and PI1 244191 PSP (25.87%) had low protein percentage.

Protein percentage is slightly lower in 2022. PI 404225 PSP (34%) has the highest
protein percentage. W6 17293 PSP (33.8%), P1 343267 (33.1%), P1 166159 PSP (33.1%), and PI
429839 PSP (33%) had high protein percentage in 2022. PI 116944 PSP (20.4%), PI 212031 PSP
(21%), P1 639976 PSP (21.1%), P1 263011 (21.2%), P1 212031 PSP (21.4%), and PI 244262
(21.4%) had low protein concentration in 2022. Peas accessions with lower amount of protein
and phosphorous have the lower level of damage by the weevil. For those seeds from the plant
damaged by the weevil, there is a significant increase in the content of crude protein, crude fiber
and phosphorus is significantly increased as compared to those of the healthy seeds (Nikolova,
2016).

PI1 198072 PSP, PI 194340, PI 248181 PSP are the common high yielding lines in 2021
and 2022. P1 271116 PSP, PI1 269777 PSP, PI 198072 PSP are the common high protein yielding
lines in 2021 and 2022. PI 198072 PSP had both high protein and high yield across years.

The one thousand seed weight (TSW) of the pea genotypes ranged from 6.1 grams (PI
343263) to 49.8 grams (PI 189171). Other large, seeded accessions include PI 343321 PSP
(46.2gm), P1 189171 (45.8gm), P1 413678 PSP (39.2gm), P1 343321 PSP (39.2gm), P1 280611
PSP (37.8gm), and P1 381334 PSP (37.6gm). Small-seeded accessions include PI 175231 PSP
(6.1gm), P1 222117 PSP (6.8gm), PI 167250 (6.6 gm), and PI 280609 PSP (6.1gm).

Canopy height varied from 11.5cm (PI 34328 PSP) to 71cm (PI 639977 PSP) in
2022. Other accessions with short canopy height were PI 244121 PSP (13 cm), P1 156720 PSP

(12 cm), PI 116944 PSP (13.5 cm), and P1 222071 PSP (14.5 cm) recorded least canopy height.
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In contrast, the tallest plants were observed in PI1 639977 PSP with 71 cm followed by PI 347329
PSP (66 cm), P1 272184 PSP (64.5 cm), PI 277851 (62.5 cm), and P1 476413 PSP (61 cm).

In 2021, the shortest plants recorded is PI 102887 with 5 cm. In addition to this PI
343278 (6¢cm), P1 343296 (7 cm), PI 156720 PSP (8 cm), and PI 274308 PSP (8 cm) recorded
least canopy height. In contrast, the tallest plants were observed in PI 236492 PSP with 56 cm
followed by PI 280611 PSP (55 cm) which exceed even more than that of our checks.

The yield value range starts from 0 to 3500, with most data points falling below 2500
(Figure 2.7). There are very few observations with yields above 3000, indicating that such high
yields are outliers or exceptional cases within this dataset. The distribution of protein content
shows a roughly symmetrical shape, centered around the 25-30% range, which suggests a
normal-like distribution. The highest frequency of data points falls within the 26-28% protein
content range. Along with normal range, few samples have extremely high as well as extremely
low protein content. The canopy heights range from a little over 10 cm to just under 70 cm, with
the frequency gradually increasing from the minimum value up to the modal class and then

decreasing towards the maximum value (Figure 2.7).
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Figure 2.7. Histogram representing yield and protein content and canopy height frequencies.
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Table 2.3. Descriptive statistics for field and post-harvest data collected on 304 pea accessions
and four check varieties at Bozeman, MT in 2022,

Parameters Mean Median Min  Max
Days to Flower 67 71 46 85
Vine Length 98 105 71 108
Canopy height 34.1 345 5 71
Lodging 6 7 1 9
Protein (%) 27 26.1 204 365
Moisture (%) 95 9.6 6.1 12.3
Yield (Ib/A) 1545 15915 0 3410
TSW 18.9 17.7 5 49.8
Damage Score 0.22 0 0 3
Yield Variation

The box plot in Figure 2.8 shows that the median yield for 2021 is lower than that of
2022, located just above 1121kg/ha. The median in 2022 is closer to the top of the box. The IQR
(Interquartile Range) is narrower compared to 2022, which suggests less variability in yields
during 2021. There are several outliers in the lower yield range, indicating that a number of
observations for 2021 were significantly below most of the data points. There are no significant

outliers in 2022, which implies a more consistent yield across observations than in 2021.
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Figure 2.8. Yield variation in 2021 and 2022 at Bozeman.

Yield by Year
3000-
5
- 2000- YEAR
= BES 2021
=
1000-
:
0- :
2021 2022
Year

The box plot (Figure 2.9) illustrates the variation of yield in field peas across three
growing location Bozeman, Prosper and Pullman in two different years, 2021 and 2022. Higher
yield was observed in Bozeman as compared to Prosper and Pullman during both growing years.
The greatest variation in yield was seen at Bozeman in 2022. Pullman had greater variation in
2021 while Prosper showed the least variation in 202 1. Numbers of outliers are higher in

Pullman and Prosper. Data is normally distributed in Bozeman in both years.
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Figure 2.9. Yield variation across location in 2021 and 2022.
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The box plot (Figure 2.10) illustrates the distribution of protein content in crops across
two different years, 2021 and 2022. Median protein content decreased slightly from 2021 to
2022. Overall variability in protein content was reduced, which could indicate more consistent
protein levels for 2022. However, there are several outliers above the upper whisker, which

implies that a few peas lines had protein contents significantly higher than the rest.



52

Figure 2.10. Protein variation based in 2021 and 2022 at Bozeman.
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Protein percentage is higher is Prosper as compared to Bozeman and Pullman in both
growing years. Higher average seed protein content was observed at Prosper with line PI 505122
PSP having the greatest seed protein (39%) followed by Pullman and Bozeman. There are
numbers of outliers in Bozeman in 2022 as compared to any other growing location and years

(Figure 2.11).
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Figure 2.11. Protein content variability across growing locations in 2021 and 2022.
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Yield and protein ranges from 0-4000 1b/ac and 0-40%, respectively. The scatter plot is

densely populated with data points, which suggests a large sample size. The data points are

varied. It indicates a wide range of values for both protein content and yield within the

dataset. The dotted black spot represents an individual observation in the dataset, plotting protein

against its corresponding yield. Yield and protein have an inverse relation (Figure 2.12).

Correlation between yield and protein content was -0.19 (p = 4.5 ¢''°) indicating a

negative linear relationship between the two variables protein and yield (Figure 2.13). Higher

yield requires more energy and nutrients for seed development. It diverts resources away from

protein synthesis. Trade-off between yield and protein content is a common phenomenon in

plants.
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Figure 2.12. Linear regression demonstrating the relationship between seed yield and protein.
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Yield has a positive correlation with canopy height, days to maturity, days to flower,
moisture and TSW and a negative correlation with protein, lodging and damage score (Figure
19). Yield has a moderately positive correlation canopy height (r=0.40) and weak positive
correlation with maturity time (r=0.31) and flowering time (r=0.30) indicating that as canopy
height increases, yield increases. Yield has a negative correlation with protein (r=-0.19) and
lodging (r=-0.19), suggesting that higher yields are associated with lower protein content and
less lodging. Similarly, protein and canopy height have a moderate negative correlation (r=-
0.43). Protein shows a moderate positive correlation with lodging (1=0.3), suggesting that higher
protein content may be associated with increased lodging. Seed size and protein have a
moderately negative correlation (r=-0.13) It indicates that the smaller the size, higher the protein

content. Seed size has a weakly negative correlation (r=-0.3) with lodging. Seed size shows a
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moderately positive correlation with canopy height (r=0.14), moisture (r=0.10) and

yield. (r=0.01) (Figure 2.13).

Figure 2.13. Pearson correlation between traits.
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Discussion

Cultivated crops like peas, cereal, and oilseeds were analyzed for parameters such as
germination, flowering time, plant height, pod height, maturity time, vine length, lodging, protein
percentage and moisture content, yield, thousand seed weight (TSW), plant stand count and
density, and damage score. It helps to understand crop performance and its variability under
different conditions. Flowering and maturity time exhibit relatively stable patterns across

observations. The average flowering time was approximately 67 days, with the median slightly
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higher at 71 days indicating a slight skew in the data towards longer flowering periods (Table
2.3). Variation was observed in the growing field between two replications. Early flowering and
maturity were noted in replication 1 which is planted just side by the building compared to
replication 2 which was planted beside tree. Variation in cultivated field result in the skewness of
the data. Hang observed late flowering in plants under shaded conditions (Hang et al., 1984).

Thousand Seed Weight (TSW) shows significant variability, which could be influenced
by genetic factors, nutrient availability, and moisture conditions during seed development. Since
TSW was often correlated with seed vigor and germination rates. Understanding factors affecting
TSW helps to improve seed quality and develop robust management strategies against biotic and
abiotic stresses.

The evaluation of pea genotypes over the 2021 and 2022 growing seasons provided
valuable information for yield, protein, test weight and vine length of 300 dry pea accessions
from the USDA Plant Introduction Station. These findings are crucial for advancing our
understanding of pea genotype adaptability and for guiding future breeding programs. This
variability is important for breeding programs aimed at enhancing yield stability and increasing
seed protein content across different environments. The absence of common high-yielding lines
between the two years suggests a strong environmental influence on yield performance. Plants
with greater height tended to lodge which negatively impacted the seed protein content.

Protein content varied among genotypes, with the highest protein content observed in PI
269777 PSP in 2021 and protein content overall was less in 2022. The range of variation and the
inconsistency across years demonstrates the impact environmental and genotype have on seed

protein accumulation in peas. Environmental factors accounted for 25-70% of the variation in



57
pea protein. Dry or wet conditions at the early growth stage can limit protein accumulation in
peas (Tao et al., 2017). Temperature and rainfall during and after flowering as well as the
beginning of the seed development influence protein content. If the experimental site gets rainfall
at the pre-bloom stage will prolong vegetative development and impede the onset of seed
development and accumulation of the seed (Daba & Morris, 2022).

A study conducted in 2021 to study the interaction between yield and yield components
using correlation and pathway analysis showed a positive correlation between germination and
planting density with yield suggesting that high plant density represents good seed vigor, high
adaptation of genotypes ultimately leading to high yield (Shaban, 2021). Canopy height varied
considerably among the genotypes, which could have significant implications for light
interception, photosynthetic efficiency, and crop competitiveness. Plants that are grown in shade
or planted at high density impacts biomass (Niinemets, 2010). It may also have a significant
relation to lodging which may reduce yield and quality of seeds.

Observed variations in flowering and maturity times, variability among plots, influence
of weather condition, dry or wet conditions on protein accumulation, and stability of certain traits
across observations suggests breeding programs to integrate with multiple parameters. It
improves overall crop performance and adaptability and highlights the importance of considering
a multifaceted breeding approach that considers yield, protein content, seed weight, and growth
characteristics.

Vine length and lodging are influenced by a complex mix of genetic, environmental, and
management factors. Lodging risk can be mitigated by integrating different breeding approaches

for stem strength and plant architecture.
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Yield was higher in 2022 compared to 2021 (Figure 2.13) and the range of yield was less
in 2022 compared to 2021. Several low yielding accessions were observed in 2021 and may have
been caused by adverse weather conditions. 2021 had higher temperature over the growing
season, 15° C compared to 14.4° C in 2022. Similarly, 2021 had relatively lower rainfall.

Median seed protein content in 2021 was 30% and was lower in 2022, 25%. Protein and
yield have an inverse relationship which might be the reason for relatively high protein in 2021
and lower content in 2022. Consistent protein levels in 2022 could be seen as a positive outcome
of improved agricultural practices, better seed quality, or more stable environmental conditions.
Identifying the practices that contributed to this consistency can provide valuable insights for
enhancing crop quality. The presence of accessions with high protein content in 2022 highlights
the potential for breeding programs to focus on enhancing nutritional qualities, suggesting that
there is genetic potential within the crop germplasm that can be utilized to increase protein
levels.

There is an overall trend indicating that location specific factors significantly impact
yield as shown in the box plots. Yield in Bozeman for 2021 and 2022 show a wide range with
many high and low yielding lines in 2021. Bozeman showed the best performance in terms of
yield compared to Prosper and Pullman. The variability observed in the field resulted from
environmental factors, soil conditions, or different agricultural practices that varied within this
location.

Prosper had high protein in 2022 compared to 2021. Less variability was observed in the
tighter interquartile range; however, yield was lower compared to other growing

locations. Pullman had higher yields in 2021 compared to 2022. The box plot for Prosper
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reveals lower variability. Managed growing condition, favorable environmental condition
provides ceiling effect, and the yields are at a maximum for the current varieties and practices
used.

Negative correlations between yield and protein in chickpea were reported by Gaur et al.
(2016). While the relationship is statistically significant, the correlation coefficient suggests a
weak relation among the traits. The correlation graph and interpretation of the regression indicate
that other factors not included in the regression model might play an important role as well in
determining the yield. Despite the statistical significance, the weak correlation coefficient

indicates that yield is not a positive predictor of protein content.
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Abstract

Peas are an excellent source of plant-based protein. Understanding gene expression
patterns associated with pea protein accumulation is vital to successful crop breeding and plant
protein use. This study evaluated changes in gene expression due to environment. The
experimental design included 300 accessions, and four repeated checks planted in an augmented
RCBD design with two replications. Fresh pods were collected in the R3 stage with visible flat
pods or the R4 stage when green seeds fill the pod cavity and stored at -80°C until RNA
extraction. 300 mg of seed tissue was ground using a mechanical homogenizer. Library
preparation was completed using Lexogen QuantSeq 3> mRNA-Seq Library Prep Kit FWD for
Illumina. The pool was quantified by digital PCR and sequenced on 1 lane of an Illumina
NextSeq500 sequencer, single end 1x86bp, and de-multiplexed based upon six base i7 indices
using lllumina bcl2fastq software per the Lexogen protocol. Sequence data was then cleaned and
trimmed using Trimmomatic and cutadapt and aligned using STAR. DESeq2 and GO packages
of R were used to enrich the sequence and perform transcriptomic analysis including heat and
volcano maps. 130 upregulated genes and 7 downregulated genes with 456 significant genes
were identified. Gene ontology revealed major pathways for biological pathways like protein
synthesis and translation, stress response and transport function, molecular pathways like carbon,
propanoate metabolism and glycolysis-gluconeogenesis and cellular components like RNA
degradation and chloroplast proteins.
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Introduction

Pea (Pisum sativum L.) is an important member of the legume family, cultivated
worldwide for their nutritional value and versatile applications in human and animal diets.
Among the various components of peas, proteins play a crucial role in determining their
nutritional quality and functional properties. Pea proteins are recognized for their balanced
amino acid composition, high digestibility, and potential health benefits, making them a popular
choice in the food industry and as an alternative protein source for individuals with dietary
restrictions or preferences.

Peas hold a multifaceted significance, both nutritionally and agriculturally, and contribute
to a well-rounded diet as they are rich in essential nutrients such as vitamins (particularly vitamin
K and vitamin C), minerals (including iron and magnesium), and dietary fiber. Notably, their
relatively high protein content makes them a good plant-based protein source, especially for
individuals adhering to vegetarian or vegan lifestyles. In culinary realms, peas showcase
versatility, finding application in an array of dishes, from salads and soups to casseroles. Beyond
their gastronomic value, peas play a pivotal role in agriculture. Belonging to the legume family,
peas engage in nitrogen fixation, enhancing soil fertility and reducing the dependency on
synthetic fertilizers. This not only supports sustainable farming practices but contributes to crop
rotation strategies. Economically, peas hold significance as a major crop for both fresh
consumption and processing, generating substantial revenue in the processed food industry.

Increasing protein content is a goal that improves individual health and extends to
broader societal considerations. Proteins are the building blocks of our body and they play an

important role in the growth, repair, and maintenance of tissues. A diet rich in protein supports
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muscle development, boosts immune function, and contributes to overall physical and mental
health. Protein deficiency leads to malnutrition and stunted growth, weakened immunity, and
impaired cognitive development. Increasing protein content in the diet can help mitigate
malnutrition caused by protein deficiency in vulnerable populations.

The accumulation of protein in pea seed is a complex biological process influenced by
genetic, environmental, and developmental factors. Specific genes regulate the synthesis and
storage of proteins. These genes are subject to transcriptional, post-transcriptional, and post-
translational modifications. Single nucleotide polymorphisms (SNPs) can significantly impact
protein content. Genomic prediction using different models and SNPs are done to understand
protein content in cowpea. (Chen et al., 2023) Factors such as soil quality, water availability,
temperature, and light exposure can influence the expression of genes involved in protein
synthesis. Environmental stress like drought or high salinity, can affect plant metabolism and
lead to altered protein content (Ashraf et al., 2018). Understanding the molecular mechanisms
underlying pea protein accumulation is essential for enhancing the nutritional quality of peas,
optimizing crop yields, and developing improved varieties with improved protein content and
composition. Moreover, elucidating the regulatory networks controlling pea protein biosynthesis
and accumulation can provide valuable insights into plant physiology and metabolism, with
broader implications for crop improvement and sustainable agriculture. Gene expression analysis
serves as a powerful tool for investigating the transcriptional dynamics associated with pea
protein accumulation. By profiling the transcriptome of developing pea seeds, researchers can
identify key genes and regulatory pathways involved in protein synthesis, deposition, and

storage. Furthermore, comparative transcriptomic studies enable the discovery of genetic
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determinants associated with variation in protein content and quality among different pea
genotypes, facilitating marker-assisted breeding and genetic engineering approaches for trait
improvement.

In recent years, advances in high-throughput sequencing technologies, such as RNA
sequencing (RNA-seq), have revolutionized transcriptome analysis, allowing for comprehensive
and quantitative assessment of gene expression patterns in various biological systems, including
pea seeds. RNA-seq enables the detection of low-abundance transcripts, alternative splicing
events, and non-coding RNAs, providing a comprehensive view of the transcriptional landscape
during pea seed development and protein accumulation.

This study aims to investigate gene expression effects on pea seed protein accumulation
through a comprehensive analysis of the pea seed transcriptome. Integrating transcriptomic data
with physiological, biochemical, and agronomic parameters allows regulatory mechanisms
governing pea protein biosynthesis and deposition to be further characterized. Furthermore,
identification of candidate genes and molecular markers associated with pea protein content and
composition ultimately aims to enhance the nutritional quality and agronomic performance of
pea crops.

The research provides valuable insights to understand pea biology and the molecular
basis of protein accumulation. Elucidating the genetic and transcriptional factors influencing pea
protein content and quality expected to facilitate the development of improved pea varieties with
enhanced nutritional value and sustainability, addressing the growing demand for plant-based

proteins in global food systems.
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The objective of the project is to investigate the function of genes and specific alleles

underlying protein accumulation and genotype by environment (G x E) interaction.

Materials and Methods

Experimental Design

Three pseudo-blocks were assigned to approximate maturity groups, and accessions were
randomized within each maturity group. Three hundred Plant Identification (PI) accessions were
sourced from the USDA / National Plant Germplasm System were replicated twice in an
augmented design with four repeated checks for a total of 350 experimental plots in 2021 and
2022 (Table 3.1 and 3.2). The experiments were sown on 29 April 2021 and 18 April 2022,
respectively. PI accessions were assigned to three pseudo-blocks based on maturity groups. Plots
were established with 6 rows spaced 22.5 cm apart and 3.3 m long using a Wintersteiger XXL
plot seeder (Wintersteiger Co., Salt Lake City, UT). The experiments were conducted at the
MSU Arthur H. Post Farm near Bozeman Montana, USA. (45.6737° N, 111.1559° W, elevation

1469masl).

Table 3.1. List of Repeated checks included in the 2021 and 2022 trials in Bozeman, MT.

S/N Common Checks Local Checks
1 DS Admiral ND Dawn
2 Hampton Aragorn

Table 3.2. List of with Approximated maturity distribution for the 300 accessions included in the
experiments.

No. of Accessions  Flowering Days Type of Maturity
72 lines <55 days to 50% flowering Early-maturity
120 lines 56-63 days to 50% flowering Mid-maturity

108 lines > 64 days to 50% flowering Late-maturity
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Tissue Collection

Individual flowers were tagged on five different plants when the pod was first observed
as the flower petals wilted (TO) (Figure 3.1 stages 7-10). Individual pods were collected at the T2

stage (approximately 12 days after TO) (Figure 3.2 stages 9-12).

Figure 3.1. Stages of flower development used for tagging for sample collection.
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Individual harvested pods were collected in 50 ml tubes and immediately transferred to
dry ice or liquid nitrogen. Samples were transferred to an ultra-cold — 80° C freezer until RNA

was extracted.

RNA Extraction

Approximately 100 mg of seed tissue from flat pod stage was removed from three
separate pods (totaling 300 mg) using a sterilized scalpel and forceps. The tissue was transferred
to a 2 ml tube and stored on ice while additional samples were prepared. The scalpel and forceps
were cleaned using a paper towel soaked in RNase AWAY between samples.

Samples were homogenized in 2 ml tubes using a bead beater set for 1750 strokes/min for
1 minute. The ground sample was immediately returned to ice. Tissue was re-homogenization
following a 1minute cooling period on ice. One ml of SDS extraction buffer was added
containing 2-ME (20 ul per 1 ml) to each tube. The resulting sample was vortexed thoroughly for
30 second and placed on ice for 15 minutes. The samples were vortexed briefly before
transferring the lysate to new 2 ml microcentrifuge tubes and centrifuged at 12,000 x g for 15
minutes at 4°C.

Seven hundred fifty pul of the supernatant was transferred to a new 2 ml tube containing 1
ml RNApro Solution. The admixture was vortexed thoroughly prior to extraction. Samples were
incubated for five minutes at room temperature (RT) and 300 pl of 1-bromo-3-chloropropane (or
chloroform without isoamyl alcohol) was added and vortexed for 10 seconds followed by
incubation for another 5 minutes at RT. The sample was centrifuged at 12,000 x g for 15 minutes
at 4°C and the upper phase transferred to a new 2 ml microcentrifuge tube. The upper phase was

re-extracted with another 300 pl of 1-bromo-3-chloropropane and 500 pl of cold isopropanol and
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stored at -20°C for at least 30 minutes. However, visualization of the RNA pellet was more
obvious if the sample was stored for at least 6 hours at —20°C.

The samples were centrifuged at 12,000 x g for 10 minutes at 4°C where RNA pellet was
visualized in the tube. The RNA pellet was washed with 500 pl of cold 75% ethanol twice and a
pulse spin was used to remove traces of ethanol and the samples were allowed to air-dry for 5
minutes at RT. One hundred pl of RNase-free water was added to the pellet and incubated at RT
for 5 minutes. After incubation a pulse spin was done to ensure the RNA was completely
resuspended followed by RNA clean up.

87.5 ul of RNA solution was mixed with 10 ul of RDD buffer (stored at 4°C) and 2.5 pl
DNase I stock solution (stored at -20°C). To collect all liquid, tubes were pulse spun, vortexed
gently and incubated at RT for 10 minutes. 350 ul of RLT buffer was added to 100 pl of RNA
sample. 250 pl of 96-100% ethanol was then added to the diluted RNA mixture and mixed by
pipetting. The mixture was then transferred to a RNeasy MinFElute spin column followed by brief
centrifugation at 8000 x g for 15 seconds. The flow-through containing impurities was
discarded.

The spin column was treated with 500 pul of RPE buffer and centrifuged for 15 seconds at
8000 x g. The process was repeated with 500 pl of 80% ethanol. The flow-through and collection
tube were discarded. The spin column was dried by centrifuging at full speed for 5 minutes. The
RNA was then eluted in 14 pl of RNase-free water. Samples were stored on ice for immediate

use or at —20°C for short-term and —80°C for long—term storage.
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RNA Extraction using Zymo Kit from Fisher Scientific

About 100 mg of seed tissue per sample was collected using sterilized tools. Seed
were placed in labeled tube for homogenization. The tissue was homogenized at 1750 rpm for at
least 1.5 minutes and the sample was immediately returned to ice .800ul of RNA lysis buffer was
added to each sample, followed by 8ul of Proteinase K. The mixture was vortexed and placed at
room temperature for 30 minutes.

The tubes were centrifuged for 1 minute at max speed to pellet debris and ~700ul of clear
lysate was transferred to a Zymo-Spin™ IIICG filtration column. The column was centrifuged at
max speed for 30 seconds. The flow through was preserved and the column was discarded. An
equal volume of 100% ethanol was added and mixed by pipetting. 700 pl of the mixture was
transferred into a Zymo-Spin™ IICR column and centrifuged for 30 seconds. The process was
repeated until all the mixture was filtered through the Zymo-Spin™ IICR column. RNA was
treated with 40ul DNase [ master mix and incubated at RT for 15 minutes.

400 ul of RNA prep buffer was then added to the column and centrifuged at maximum
speed for 30 seconds. The column was then transferred to a new collection tube and the flow-
through discarded. 700 pl of RNA wash buffer was added to the column and centrifuged at
maximum speed for 30 seconds. The column was transferred to a new collection tube and the
flow-through discarded. 400 pl of RNA wash buffer was added to the column and centrifuged for
1 minute at maximum speed. The column was carefully transferred into a 1.5 ml nuclease-free
tube and 50 pl of DNase/RNase-free water was added to the column matrix and centrifuged at
maximum speed for 30 seconds. A Zymo-Spin™ III-HRC Filter was placed in a new collection
tube. 600 pl of prep solution was added. The sample was then centrifuged at 8000 x g for 3

minutes. The eluted RNA was transferred into the prepared filter in a 1.5 ml nuclease-free tube
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and centrifuged at maximum speed for 3 minutes. The mixture was vortexed and pulse spun to
collect all droplets. The RNA was stored on ice or at -20°C for short-term storage and at -80°C

for long-term storage.

RNA Quality and Quantity

RNA quality and concentration were determined using Nanodrop One Spectrophotometer
and Qubit Fluorometer. One microliter of RNA sample was placed directly on the measurement
pedestal and readings were recorded for the 260/230 ratio and 260/280 ratio.

The total volume of 200 ul is prepared by mixing sample and Qubit working solution.
The minimum requirements of Qubit working solution is 190 and sample is 10ul.The sample and

dye were mixed and loaded into a specialized 1.5ul tube designed for use with the Qubit system.

Agarose Gel Electrophoresis

Samples which passed the Qubit IQ were then run on a 1.5-2.0% agarose gel. The gel tray
was cleaned using molecular graded water and RNase away. The tray was secured in the casting
stand. A fresh 1.5-2.0% agarose gel was prepared in TBE buffer, adding ethidium bromide
solution after agarose dissolution. The gel was poured slowly to prevent bubble formation,
allowing it to solidify completely before assembly in the tank with 1X TBE running buffer. 100
pg of RNA per sample was loaded. 5 pul of RNA The RNA Millennium marker was loaded for
reference. Electrophoresis was run at 150 ¢V for 20 minutes to 1 hour. RNA samples were

visualized on a UV transilluminator.
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Statistical Analysis

High quality samples were processed for next-generation sequencing (NGS). 500ng of
total RNA per sample was used with the Lexogen QuantSeq 3> mRNA-Seq Library Prep Kit
FWD for Illumina. The libraries were quantified on a Molecular Devices Spectra Max M2 plate
reader (with the intercalating dye QuantiFluor) and pooled accordingly for maximum evenness.
The pool was quantified by digital PCR and sequenced on 1 lane of an Illumina NextSeq500
sequencer, single end 1x86bp, and de-multiplexed based upon six base 17 indices using [llumina
bcl2fastq software per Lexogen protocol. This is achieved through reverse transcription using
random hexamer primers or oligo(dT) primers. The library was constructed after cDNA synthesis
which includes end repair to make blunt ends. Library preparation was followed by the ligation
of adapters.

The library undergoes size selection and cleanup to remove unwanted sizes and free
adapters. This process used bead-based methods to ensure cDNA fragments of optimal length for
sequencing. The library was then amplified via PCR to produce sufficient nucleic acid for
sequencing. Quality control was performed using Trimmomatic V0.32 and cutadapt to removes
the low-quality bases with phred33 score below 20 (Bolger et al., 2014). Cutadapt removed the
specific adapter sequence.

Alignment to the pea genome sequence was done using Spliced Transcripts Alignment to
a Reference (STAR) using the French pea reference genome (Kreplak et al., 2019) and Chinese
pea reference genomes (Yang et al., 2022).

Count reads were generated using the subreads User Guide. Count data were normalized

to account for differences in sequencing depth and gene length across samples, using methods


https://subread.sourceforge.net/SubreadUsersGuide.pdf
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such as TPM (Transcripts Per Million) or FPKM (Fragments Per Kilobase of transcript per
Million mapped reads).

Statistical analysis of the sequencing data was conducted to identify differentially
expressed genes (DEGs) between different conditions or treatments, employing packages such as
DESeq?2 within the R statistical environment (Love et al., 2014). Further, functional enrichment
analysis was performed on the list of DEGs to elucidate the biological processes, pathways, and
functions most impacted by the experimental conditions. Tools such as GOseq for Gene
Ontology (GO) terms and KEGG pathway analysis provided insights into the biological
implications of the observed differential gene expression, linking statistical findings to biological

understanding. GO was done using ShinyGO 0.80.

Results

Sample was collected from replication 1 for RNA extraction. Most of the sample were
collected after 12 days of tagging with some being exception up to 20 days when the pod are of
flat pod stage. RNA was extracted from 350 samples. Nanodrop readings varied from 0 to 14000
(Table 3.3). Samples with Nanodrop readings above 250 ng/pl were analyzed with the Qubit.

RNA samples with a concentration below 500 ng/ul were re-extracted.
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Table 3.3. Nanodrop Results.

No of samples Nanodrop reading

39 Above 10000 ng/ul

143 1500 ng/ul-10000 ng/ul
52 500 ng/ul-1500 ng/ul
41 250 ng/ul-500 ng/ul

46 100 ng/pl-250 ng/ul

14 50 ng/ul-150 ng/ul

3 33 ng/ul-100 ng/ul

9 25 ng/pl — 75 ng/pl

One hundred forty-six samples successfully passed the Qubit IQ with a reading between

8 and 10 (Table 3.4 and 3.5) and total of 302 samples with Qubit reading more than 6 were

sequenced.

Table 3.4. Qubit IQ Results: Based on st extraction.

No of samples Qubit 1Q reading Remarks

146 8-10 Send for sequencing
54 71-79 Send for sequencing
68 6.1-7 Re-extracted

82 0-6 Re-extracted

Table 3.5. Qubit IQ Results: Based on Re-extraction.

No of samples Qubit 1Q reading Remarks

78 6.1-10 Send for sequencing
27 0-6.1 Send for sequencing
25 N/A Out of samples

RNA Millennium Marker was used to evaluate RNA quality based on the 28S and 18S
ribosomal RNA (rRNA) subunits (Figure 3.3). The clear two bands (Figure 3.3) indicated the

high quality and not degraded intact RNA.
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Figure 3.3. Gel electrophoresis showing quality variation of RNA samples.

- 5ul RNA Millennium Marker
- 7ul RNA sample + 7ul RNA loading Dye per well
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Average GC Content

The average percentage of duplicate reads (38% Dups), GC content (38% GC), and the
number of sequences in millions (2.27 M seqs) were obtained after sequencing. The percentage
of duplicates ranged from 10 to 96%. The GC content ranged from 29% to 49%. P1 261666 had a
GC content of 49% followed by PI 102887 with 48%. PI 164614 had a GC content of 29%. The
M Segs metric represents the number of sequences in millions and indicates sequencing depth. PI
263030 PSP had 29.3 million sequences followed by PI1 494077 PSP (29.1 million) showing high

sequencing depth (Appendix B1).

Alignment

Aragorn had a total of 450,449 sequences with 51,974 successfully aligned to gtf file of
the Chinese reference genome. The range percentage of mapped sequence across the samples is
84% to 96%. Accessions like PI 314803 had 56,676,605 sequences with 2,446,719 aligned
followed by PI 347337 with a total sequence of 40,655,756 with aligned reads of 4,195,023. PI
381334 PSP, P1 272148 PSP, PI 320972 PSP, PI 356991 PSP, PI 347496 PSP, PI 198074 PSP, PI

250448 PSP, P1 179722 PSP, PI 249644, P1 261666, P1 273605 PSP, P1 269771, P1 269802 PSP,
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P1 429843 PSP, PI 269762 PSP all had total sequences greater than one million (Table 15). DS
Admiral had a higher total alignment count of 2,774,331 sequences with 400,010 (14%)
successfully aligned. The alignment percentage varied significantly across the genotypes. PI

269771 and PI 269802 PSP had the greatest alignment percentage at 28% (Appendix B2).

Differential Expression Analysis

PI1201390 PSP, P1 209507 PSP, P1 249644, PI 117264 PSP, P1 175232, P1 308796 PSP
have similar gene expression profiles and are strongly correlated with each other and with other
samples based on expression. PI 619079 PSP, P1 273605 PSP are not related to any of the

samples and have different gene expression profiles (Figure 3.4).

Figure 3.4. Correlogram heat map for RNA samples.

Sample Name

Sample Name

Differential gene expression was assessed between 26 low and 27 high protein accessions
resulting in 784 genes with significant differential expression at p-value threshold < 0.05. 250
genes with highly significant differential expression at p-value threshold <0.01. 38 genes with

extremely significant differential expression with p-value threshold < 0.001. Principal
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Component Analysis (PCA) done to visualize the gene expression patterns influenced by protein
content reveals the high degree of similarity among the genotypes under high and low protein
content (Figure 3.5). Five genes are deferentially expressed at p-value 0.01 and log2fold 2. 818
significant genes were identified at p-value 0.1 and log2fold 0.5, 262 differential expressed gene
was identified at p-value 0.05 and log2fold 0.8. Four upregulated genes and 258 downregulated
genes were identified based on high to low protein content (Figure 3.6). KIW84 010232,
KIW84 010505, KIW84 011956, KIW84 012465, KIW84 012576, KIW84 013918 are
downregulated genes. Individual gene expression analysis done for high protein to low protein
content reveals that most of the samples shows a similar pattern of expression with
KIW84 010232, KIW84 011956, KIW84 012465, KIW84 012576, KIW84 013918 being
highly regulated in high protein content and KIW84 010505 being highly regulated in low
protein content (Figure 3.7).

There is a small difference between high protein content and low protein content. DS
Admiral was selected as a control because its seed protein content was 24%. 456 genes were

upregulated with p-value threshold < 0.001 (Figure 3.8 and 3.9).
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Figure 3.5. Principal Component Analysis to visualize gene expression data with high vs low
rotein. X-axis explains 62% and the Y-axis explains 7% of the variance.
PCA Plot of Gene Expression Data
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Figure 3.6. Volcano plot representing differentially expressed genes between high protein lines
and low protein lines. The horizontal red line represents a threshold line. Genes with positive
log2fold change were overexpressed and negative were under expressed.
Volcano Plot (Context-Specific Thresholds)

'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
™M
'
'
]
'
'
&
&
"

@«
=
®
> o .
a? 2 significant_context
o
b * FALSE
=
E TRUE
o NA
§ """""""" (o el e il b
1 : Py
1 : *
° 1, ® °0 e o
1% s ° °
* ' L
gp% %‘1@ .
oY
f?:@ ° *

L

i

()
[

-3 2 -1 0
Log2 Fold Change




81

Figure 3.7. Gene expression levels under high protein and low protein conditions.
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Figure 3.8. MA plot of differential gene expression analysis comparing with DS Admiral. Blue
points indicate genes that are statistically significant, with an adjusted p-value (padj) less than
0.001. Gray points represent genes with no significant change in expression between the
conditions.
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Figure 3.9. Volcano plot representing differentially expressed genes compared with DS Admiral.
The dotted blue line represents a threshold line. Genes with positive log2fold change were
overexpressed and negative were under expressed.
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Gene Ontology Analysis

Four of the genes upregulated for protein synthesis initiates pathways under different
functional categories such as translation initiation, ribosomal structure, metabolic processes,
stress response, signal transduction, and protein modification (Figure 3.10). Forty-eight pathways
associated with different gene ontology pathways were identified (Figure 3.11). The most
enriched cellular component, cellular anatomical entity, intracellular anatomical structure is
associated with the highest number of genes.

NCBI blast done for individual gene shows that proteins like eukaryotic translation
initiation factor 1 (elF1), eIF3 subunit I-like, and e[F4A-3 is the crucial function of the
translation initiation complex. Ribosomal proteins like 40S ribosomal protein S7-1-like and 60S
ribosomal protein L34-like perform crucial roles in the structural integrity and functional
capacity of ribosomes. These proteins ensure accurate and efficient translation.

Dihydropyrimidine dehydrogenase (NADP(+)), chloroplastic and xylulose 5-
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phosphate/phosphate translocator, chloroplastic plays important roles in pentose phosphate
pathways and nucleotide metabolism. Heat shock 70 kDa protein, mitochondrial and heat shock
cognate protein 80 helps in the proper folding and stabilization of proteins during stress
conditions. Oxidative stress responses like NADPH oxidoreductase are regulated by these
proteins. Mitogen-activated protein kinase 9 (MAPKKD) is involved in stress and growth
signaling pathways. Ethylene-responsive transcription factor RAP2-3 is responsible for ethylene
signaling pathway. E3 ubiquitin-protein ligases play important role in protein degradation. The
process is accomplished via the ubiquitin-proteasome system. Subtilisin protease and serine
carboxypeptidase proteins are involved in proteolytic processing. It helps in activating or
deactivating proteins. Sugar transport protein 7 and auxin transporter protein 1 are the major
transport proteins. These proteins are involved in movement of nutrients and hormones within

cells.

Figure 3.10. Gene Ontology (GO) and pathways identified using DS Admiral as control. The
color intensity represents the -log10 of the False Discovery Rate (FDR).

GO:0005575 cellutar component
GO0:01101865 celiular anatomical entity

G0:1901564 organonitrogen compound metabolic proc
GO:0005622 intraceliular anatomical structure
GO:0043226 organelle
GO:0043229 intracellular organelie
G0:1901586 organonitrogen compound biosyntt
GO:0034645 cellular macromolecule biosynt!
GO:0005737 «

GO:0043604 amide biosynthetic proc

GO:0043603 cellular amide metabolic proc
GO:0006508 proteolysis

G0:0043228 non-membrane-bounded organetie
G0:0043232 intracellular non-membrane-bounded organelle
Psat01100 Metabolic pathways

GO:0006412 translation

GO:0043043 peptide biosynthetic proc

GO:0005198 structural molecule activity

GO:0006518 peptide metabolic proc
Psat01110 Biosynthesis of secondary metabolites
GO:0005840 ribosome

GO:0003735 structural constituent of ribosome
'sat03010 Ribosome

GO:0006457 protein folding

GO0:0051082 unfolded protein binding
Psat01200 Carbon metabolism

GO:0140662 ATP~dependent protein folding chapercne

h

-log10(FDR)

2

Psat01230
Psat0x

$G0:0016668 axidoreductase activity acting on a suifur group of donor (
GO:0005829 cytosol
GO:0010035 response to inorganic substance

.........un|||||||||||m||“||

=]

20

0 40
N. of Genes

@
=3




84

Figure 3.11. Gene Ontology (GO) and pathways identified using low vs high protein content.
The color intensity represents the Fold Enrichment).
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Genes like LOC127076022, LOC127131288, LOC127119762, LOC127115893,
LOC127119167, LOC127115550, LOC127125801, LOC127137876, LOC127082185,
LOC127118786 are involved in protein synthesis and translation initiation. Organonitrogen
compound metabolic process, Protein metabolic process, Organic substance biosynthetic process
being highly enriched. Biosynthetic processes including Cellular biosynthetic process and
Peptide biosynthetic process are also prominently enriched (Figure 3.12). Calcium ion
transmembrane transport, Organonitrogen compounds metabolic process, biosynthesis process
are highly enriched while comparing high to low protein content (Figure 3.13). Stress response
LOC127080798, LOC127083837, LOC127086043, LOC127117555, LOC127117557 are

responsible for stress response protein and protect the cells during stress condition with help of
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heat shock 70 kDa protein, mitochondrial and heat shock cognate protein 80. LOC127117556,
LOC127118184, LOC127125877 facilitates the sugar transport protein 7 and auxin transporter
protein 1. These helps in transporting nutrients and hormones. Transport and localization
processes emphasize the importance of intracellular and intercellular movement of molecules.
cytochrome P450 enzymes are responsible for oxidative stress response and are genes associated
for this detoxification pathways are LOC127120677 and LOC127126554. LOC127102325,
LOC127074258, and LOC127095591 are responsible for RNA processing. LOC127090979,
LOC127117895, LOC127073321, LOC127074213, and LOC127138647 are responsible for

protein synthesis and translation which play a direct role in seed protein accumulation.

Figure 3.12. Gene ontology and pathways for biological process identified using DS Admiral as
control.

Organoenitrogen compound metabolic process
Protein metabolic process
Organic substance biosynthetic process
Biosynthetic process
Cellular biosynthetic process
Transport -
Establishment of localization |
Localization |
Organonitrogen compound biosynthetic process -
Cellular macromolecule biosynthetic process |
Proteolysis |
Translation
Peptide biosynthetic process -
Amide biosynthetic process |
Peptide metabolic process |
Cellular amide metabolic process |
Protein folding
Vesicle-mediated transport -
Response to inorganic substance
Detoxification
Mitotic cell cycle process -
Response to toxic substance
Response to water
Response to acid chemical |

-log10(FDR)

"""'III|||||‘||||“|

o
-
o
[
o
w
o

N. of Genes




86

Figure 3.13. Gene ontology and pathways for biological process identified using low vs. high
rotein content.
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GO: Cellular Component

Genes like LOC127119762, LOC127115516, LOC127115893 are associated with
formation of chloroplast proteins. LOC127078408, LOC127127700, and LOC127097270 are
associated with transport functions. Rubisco large subunit-binding protein and xylulose 5-
phosphate/phosphate translocator plays important role in photosynthesis. Cellular component,
cellular anatomical entity and intracellular anatomical structure has large number of genes
associated with structural aspects (Figure 3.14). Organelle and intracellular organelle are

associated with chloroplast, nucleus, and mitochondria. RNA polymerase II transcription
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regulator, membrane and cellular components are major identified comparing high protein to low
protein content (Figure 3.15). Cytoplasm indicates that many genes are involved in cytoplasmic
processes. Protein-containing complex signifies groups of proteins functioning of ribosomes and
enzyme complexes. It is involved in the translation process and play important role in protein
synthesis. Intracellular Non-Membrane-Bounded Organelle includes structures like cytoskeleton

and ribosomes. It plays an important role in intracellular transport and communication.

Figure 3.14. Gene ontology and pathways for cellular components using DS Admiral as control.
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Figure 3.15. Gene ontology and pathways for cellular components using low vs high protein
content.
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Genes like LOC127085763, LOC127086320, LOC127092723, LOC127095062,
LOC127097811, LOC127098319, LOC127107258, LOC127108014 are responsible for various
metabolic pathways while comparing DS Admiral. LOC127106139, LOC127091825,
LOC127120731, LOC127127630, and LOC127083230 are associated with Ubiquitin
proteasome. ATP-dependent activity, Structural molecule activity, Structural constituent of
ribosome (Figure 3.16) are highly enriched. This process is essential for energy transfer, cellular
architecture, protein synthesis and various cellular activities. Peptidase activity is involved in the

breakdown of peptides into amino acids. Unfolded protein binding is involved in the response to
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unfolded proteins. These are essential for protein quality control within the cell. The strong
statistical significance of this term is evident from the color gradient. ATP-dependent protein
folding chaperone, Protein folding chaperone involved in folding of newly synthesized proteins
and refolding of misfolded proteins. It ensures proper protein function and preventing
aggregation. 32 pathways are associated with molecular function when comparing high to low
protein content with highly enriched pathways of ion and protein binding. Most of the pathways

are associated with binding and transport activity (Figure 3.17).

Figure 3.16. Gene ontology and pathways for molecular function using DS Admiral as control.

ATP-dependent activity

Structural molecule activity
-log10(FDR)
2

Structural constituent of ribosome

3

Peptidase activity

4

Unfolded protein binding

ATP-dependent protein folding chaperone

Protein folding chaperone

5 10
N. of Genes

o




90

Figure 3.17. Gene ontology and pathways for molecular function using low vs high protein

content.
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Tree Diagram

Psat01220, Psat01230 are responsible for carbon metabolism and amino acid biosynthesis

and have common functional metabolic pathways (Figure 3.18). Psat11110 and Psat01100 share

the common pathways essential for plant defense and adaptation. GO:0005737 GO:0010165,

GO0:0005829 cluster together and play an important role in maintaining cellular organization and

function. This cluster includes genes involved in the cytosol and various intracellular organelles.

G0:0006457and GO:0014062 are involved in ATP-dependent protein folding chaperones.

TCA cycle, and metabolic pathways are clustered together representing the common

pathways follows by both. The structural constituent of ribosomes is closely involved in
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ribosomal structure and function. RNA degradation and cytosol are closely related to biological
processes and are grouped in a single cluster (Figure 3.18). It signifies coordinated regulation
between RNA stability and cellular localization. Lipid metabolic functions and cellular metabolic

processes are closely associated with each other (Figure 3.19).

Figure 3.18. Tree diagram representing functional relationships and biological processes using
DS Admiral as control.

2 8e-02 P=at03018 RNA degradation
4.3e-02 GO:000582% cytosol

| 2 2e-02 PsatD1200 Carbon metabolism
3.5e-02 P=at01230 Biosynthesis of amino acids

1.7e-02 GO:0005737 cytoplasm

3.5e-02 P=at01110 Biosynthesis of secondary metabolites

2.4e-02 Psat01100 Metabolic pathways
3.3e-03 P=at00020 Citrate cycle (TCA cyele)

2 4e-04 GO:0006457 protein folding
2.Te-05 GO:0051082 unfolded protein binding

4 6e-03 GO:0044183 protein folding chaperone

4.6e-03 GO:0140662 ATP-dependent protein folding chaperone
5.2e-03 GO:0005575 cellular eomponant

4.6e-03 GO:0110165 cellular anatomical entity

7.3e-04 GO:0005622 intracellular anatomical structure

4 4e-02 GO:0043229 intracellular organelle
4. 4e-02 GO:0043226 organelle

1]

3.3e-03 GO:0043043 peplide biosynthetic process
3.3e-03 GO:0006412 translation
7.3e-03 GO:0006518 peplide metabolic process

5.2e~-03 GO:0043603 cellular amide metabolic process

2. 1e-03 GO:0043804 amide biosynthetic process

4.8e-03 GO:0034645 cellular macromolecule biosynthetic process

9.4e-03 GO:1901566 organonitrogen compound bicsynthetic process

4.6e-03 GO:0003735 structural constituent of ribosome

4.6e-03 GO:0005840 ribosome
1.7e-03 P=at03010 Ribosome

1.7e-02 GD:0043232 intracellular non-membrane-bounded crganelle

1.7e-02 GO:0043228 non-membrane—bounded organelle

Liry

4 6e-03 GO:0005188 structural molecule activity

3.7e-02 GO:1901564 organonitrogen compound metabelic process

8.5e-03 GO:0006508 proteclysis

4.3e-02 GO:0010035 response to inorganic substance

5.4e-03 GO:0016668 oxidoreductase activity acting on a sulfur group of donors MAD(P) as acceptor




92

Figure 3.19. Tree diagram representing functional relationships and biological processes using
low vs high protein content.
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Interactive Network Plot

Central nodes with high connectivity include the cellular component have high
connectivity with central nodes. It plays important roles in cellular organization. Nodes like
intracellular organelle (GO:0043229) and organelle (GO:0043226) are involved categorization of
cellular activities. Two nodes are connected and share 20% or more genes. Nodes are connected
by the edges. The density of the networks suggests the similarity between the pathways. Protein
folding and unfolded protein binding are closely linked, reflecting their joint role in maintaining
protein homeostasis. Citrate cycle and metabolic pathways share interconnected metabolic

activities and form a dense cluster (Figure 3.20). Organonitrogen compound metabolic process



93
(GO:1901564) and biosynthetic process (GO:0009058) nodes form an interactive network for

cellular energy production and biosynthesis.

Figure 3.20. Interactive network visualization for biological, cellular and molecular functions.
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Eleven major pathways were identified which have direct and indirect influence on pea
seed protein accumulation while comparing with DS Admiral (Figure 3.21). Seventeen major

pathways identified for protein accumulation comparing with low to high protein content (Figure
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3.22). Based on identified significant gene 18% of the identified gene were uncharacterized and
1% as a hypothetical protein (Figure 3.22). Nineteen ribosomal proteins were directly associated
with storage seed protein accumulation (Table 3.6). Seven genes were associated with translation
and transcription factors that influence storage protein in seed (Table 3.7). Seven genes were
associated with ubiquitin proteasome pathways while 4 genes i.e. LOC127119642,
LOC127100611, LOC127087156, LOC127075340 were associated with protein transporters
were responsible for protein accumulation of seed (Table 3.8). Nine genes i.e., LOC127108308,
LOC127128268, LOC127128267, LOC127083837, LOC127128264, LOC127117557,
LOC127084699 are associated with heat shocks and chaperonins. Forty-two genes have indirect
influence of pea protein accumulation. Fifty-four hypothetical proteins and 60 uncharacterized

proteins were identified which need further investigation.

Figure 3.21. Functional categories of 456 proteins identified in peas comparing DS Admiral.
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Figure 3.22. Functional categories of 262 genes identified in peas comparing high protein and
low protein content.
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Table 3.6. Gene directly associated with storage protein.

Gene Ribosomal Proteins

LOC127098608 60S ribosomal protein L19-3
LOC127107197 60S ribosomal protein L7-4
LOC127115516 40S ribosomal protein S7-1-like
LOC127076545 40S ribosomal protein S8

LOC127082832 30S ribosomal protein S3, chloroplast-like
LOC127107478 30S ribosomal protein S6 alpha, chloroplast
LOC127084345 50S ribosomal protein L17, chloroplast
LOC127138467 50S ribosomal protein L35, chloroplast
LOC127092725 60S acidic ribosomal protein P2-4-like
LOC127107411 60S acidic ribosomal protein P3-like
LOC127083983 60S ribosomal protein L10a-1
LOC127117773 60S ribosomal protein L18a
LOC127087131 60S ribosomal protein L23a
LOC127073214 60S ribosomal protein L29-1-like
LOC127097457 60S ribosomal protein L3
LOC127128542 60S ribosomal protein L34
LOC127119521 60S ribosomal protein L34-like
LOC127075264 60S ribosomal protein L34-like
LOC127107909 60S ribosomal protein L35a-1-like
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Table 3.7. Gene associated with translation and transcription factors.

Gene Factors

LOC127131288 Eukaryotic translation initiation factor 1

LOC127076022 Eukaryotic translation initiation factor 1A-like
LOC127119167 Eukaryotic translation initiation factor 3 subunit I-like
LOC127087319 Eukaryotic translation initiation factor 4A-10-like
LOC127137876 Eukaryotic translation initiation factor 4A-3
LOC127102273 RNA polymerase Il transcriptional coactivator KELP-like
LOC127126699 Eukaryotic peptide chain release factor subunit 1-3

Table 3.8. Gene associated with ubiquitin-proteasome pathways.

Gene Pathways

LOC127107258 26S proteasome non-ATPase regulatory subunit 1 homolog A-like
LOC127082185 E3 ubiquitin-protein ligase RMA1H1-like

LOC127106139 BOI-related E3 ubiquitin-protein ligase 1-like

LOC127106139 E3 ubiquitin-protein ligase 1-like

LOC127108014 26S proteasome non-ATPase regulatory subunit 12 homolog A-like
LOC127101247 26S proteasome non-ATPase regulatory subunit 2 homolog A
LOC127095432 26S proteasome regulatory subunit 4 homolog A-like

Discussion

Nanodrop readings show a wide range of variation in concentration. PI 102888 PSP had a
high percentage of duplicate reads at 90.4%. It suggests a significant PCR amplification bias that
might affect downstream analysis. Aragorn showed a low duplicate rate of 4.1%. This is because
of the minimal amplification bias and suggesting high-quality data. GC content can provide
insights into the complexity and stability of the genome or transcriptome being sequenced. Most
samples exhibit a GC content ranging from 33% to 44%. Variations in GC content can influence
sequencing efficiency and bias. The average GC content observed in pea is 43% (Yang et al.,
2019).

Average alignment percentage is 87% throughout the sample. Samples with low

alignment percentages can result from potential issues such as contamination, sequencing errors,
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or problems with the reference genome (Zhou et al., 2018). Alignment rates should be more than
70% for the ideal RNA-seq libraries. It ensures the minimum contamination in the sample during
extraction (Sangiovanni et al., 2019). Consistent alignment percentages across samples indicate a
robust and reliable sequencing and alignment process. Significant deviations suggest technical
variability or biological differences between samples. Contamination can result from RNA
extraction and sequencing (Cornet & Baurain, 2022). High alignment percentages generally
indicate high-quality sequence data and a close evolutionary relationship to the reference
genome. PI 269771 and PI 269802 PSP with high alignment percentages indicates close
association of samples genetically.

Differential expression analysis identifies 456 significantly upregulated genes involved in
pea seed protein accumulation while comparing the samples with DS Admiral. 262 differential
gene are identified at p-value 0.05 and log2fold change 0.8. Four upregulated genes were
identified while comparing the sample between high protein and low protein content.
Development of three distinct ontologies: biological process, molecular function, and cellular
component provide the in depth understanding of the biological roles of protein related genes
among the organisms (Ashburner et al., 2000). Twenty-five different pathways associated with
identified genes were identified. These pathways were further divided into 12 important
pathways and a gene associated with direct involvement of pea seed protein accumulation was
identified. Most endoplasmic and ribosomal proteins are responsible for upregulation of seed
storage proteins. Research shows that multiple genes are associated with individual pathways
which later on utilized for the formation of vicilin (Abirached-Darmency et al., 2012). The

upregulation of ribosomal protein is high during seed development. 60S ribosomal proteins like
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L10a-1, L18a, L23a, L29-1, L3, L34, L35a-1 play important role in ribosome assembly and
function. The protein actively participates in translation of mRNAs encoding vicilin, convicilin
and legumin (Antonets et al., 2020). Research conducted by Alan in 2007 explored the role of
MAPK in transferring signals for protein kinase (Whitmarsh, 2007). Mitogen-activated protein
kinases (MAPKs) regulate the protein kinase, transcription factors and play important role in
stress response (Dodds & Rathjen, 2010). Heat shock proteins ensure the correct folding and
assembly and play important role in seed protein accumulation (ul Haq et al., 2019).
Photosynthesis related genes are encoded in chloroplast and play an important role in ATP
synthase (Rogalski et al., 2015). Protein transporters are responsible for the movement of
synthesized storage protein from endoplasmic reticulum to protein storage vacuoles. These
proteins play a crucial role in accumulation and storage of legumin, vicilin and convicilin
(Antonets et al., 2020). Ubiquitin-proteasome pathways related proteins help remove misfolded

proteins and ensure properly folded storage proteins accumulate in the seed (Warsame et al.,

2022).



99

References Cited

Antonets, K. S., Belousov, M. V., Sulatskaya, A. 1., Belousova, M. E., Kosolapova, A. O.,
Sulatsky, M. 1., Andreeva, E. A., Zykin, P. A., Malovichko, Y. V., Shtark, O. Y., Lykholay,
A. N., Volkov, K. V., Kuznetsova, 1. M., Turoverov, K. K., Kochetkova, E. Y., Bobylev,
A. G., Usachev, K. S., Demidov, Oleg. N., Tikhonovich, I. A., & Nizhnikov, A. A. (2020).
Accumulation of storage proteins in plant seeds is mediated by amyloid formation. PLoS
Biology, 18(7), €3000564. https://doi.org/10.1371/journal.pbio.3000564

Ashburner, M., Ball, C. A., Blake, J. A., Botstein, D., Butler, H., Cherry, J. M., Davis, A. P,,
Dolinski, K., Dwight, S. S., Eppig, J. T., Harris, M. A., Hill, D. P,, Issel-Tarver, L.,
Kasarskis, A., Lewis, S., Matese, J. C., Richardson, J. E., Ringwald, M., Rubin, G. M., &
Sherlock, G. (2000). Gene Ontology: Tool for the unification of biology. Nature Genetics,
25(1), 25-29. https://doi.org/10.1038/75556

Ashraf, M., Igbal, M., Rasheed, R., Hussain, I., Riaz, M., & Arif, M. (2018). Environmental
stress and secondary metabolites in plants. In: Plant Metabolites and Regulation Under
Environmental Stress (pp. 153—-167).

Bolger, A. M., Lohse, M., & Usadel, B. (2014). Trimmomatic: A flexible trimmer for Illumina
sequence data. Bioinformatics (Oxford, England), 30(15), 2114-2120.
https://doi.org/10.1093/bioinformatics/btul 70

Chen, Y., Xiong, H., Ravelombola, W., Bhattarai, G., Barickman, C., Alatawi, 1., Phiri, T. M.,
Chiwina, K., Mou, B., Tallury, S., & Shi, A. (2023). A Genome-Wide Association Study
Reveals Region Associated with Seed Protein Content in Cowpea. Plants, 12(14), Article
14. https://doi.org/10.3390/plants12142705

Cornet, L., & Baurain, D. (2022). Contamination detection in genomic data: More is not enough.
Genome Biology, 23(1), 60. https://doi.org/10.1186/s13059-022-02619-9

Sangiovanni, M., Granata, I., Thind, A. S., & Guarracino, M. R. (2019). From trash to treasure:
Detecting unexpected contamination in unmapped NGS data. BMC Bioinformatics,
20(4), 168. https://doi.org/10.1186/s12859-019-2684-x

Desjardins, P., & Conklin, D. (2010). NanoDrop microvolume quantitation of nucleic acids.
Journal of Visualized Experiments, 1, 2565. https://doi.org/10.3791/2565

Dodds, P. N., & Rathjen, J. P. (2010). Plant immunity: Towards an integrated view of plant—
pathogen interactions. Nature Reviews Genetics, 11(8), 539-548.
https://doi.org/10.1038/nrg2812

Love, M. L., Huber, W., & Anders, S. (2014). Moderated estimation of fold change and dispersion
for RNA-seq data with DESeq2. Genome Biology, 15(12), 550.
https://doi.org/10.1186/s13059-014-0550-8


https://www.zotero.org/google-docs/?frxasv
https://www.zotero.org/google-docs/?frxasv
https://www.zotero.org/google-docs/?frxasv
https://www.zotero.org/google-docs/?frxasv
https://www.zotero.org/google-docs/?frxasv
https://www.zotero.org/google-docs/?frxasv
https://doi.org/10.1038/75556
https://doi.org/10.1093/bioinformatics/btu170
https://doi/
https://doi.org/10.1186/s13059-022-02619-9
https://doi/
https://doi.org/10.3791/2565
https://doi.org/10.1038/nrg2812
https://doi.org/10.1186/s13059-014-0550-8

100

Rogalski, M., do Nascimento Vieira, L., Fraga, H. P., & Guerra, M. P. (2015). Plastid genomics
in horticultural species: Importance and applications for plant population genetics,
evolution, and biotechnology. Frontiers in Plant Science, 6.
https://doi.org/10.3389/fpls.2015.00586

Sangiovanni, M., Granata, ., Thind, A. S., & Guarracino, M. R. (2019). From trash to treasure:
Detecting unexpected contamination in unmapped NGS data. BMC Bioinformatics,
20(4), 168. https://doi.org/10.1186/s12859-019-2684-x

ul Haq, S., Khan, A., Ali, M., Khattak, A. M., Gai, W.-X., Zhang, H.-X., Wei, A.-M., & Gong, Z.-
H. (2019). Heat shock proteins: Dynamic biomolecules to counter plant biotic and abiotic
stresses. International Journal of Molecular Sciences, 20(21), 5321.
https://doi.org/10.3390/ijms20215321

Warsame, A. O., Michael, N., O’Sullivan, D. M., & Tosi, P. (2022). Seed development and
protein accumulation patterns in faba bean (Vicia faba L.). Journal of Agricultural and
Food Chemistry, 70(30), 9295-9304. https://doi.org/10.1021/acs.jafc.2c02061

Whitmarsh, A. J. (2007). Regulation of gene transcription by mitogen-activated protein kinase
signaling pathways. Biochimica et Biophysica Acta (BBA) — Molecular Cell Research,
1773(8), 1285—-1298. https://doi.org/10.1016/j.bbamcr.2006.11.011

Yang, P, Li, Z., Wu, C., Luo, Y., Li, J., Wang, P., Gao, X., Gao, J., & Feng, B. (2019).
Identification of differentially expressed genes involved in the molecular mechanism of
pericarp elongation and differences in sucrose and starch accumulation between
vegetable and grain pea (Pisum sativum L.). International Journal of Molecular Sciences,

20(24), 6135. https://doi.org/10.3390/ijms20246135

Zhou, Q., Su, X., Jing, G., Chen, S., & Ning, K. (2018). RNA-QC-chain: Comprehensive and
fast quality control for RNA-Seq data. BMC Genomics, 19(1), 144.
https://doi.org/10.1186/s12864-018-4503-6


https://doi.org/10.3389/fpls.2015.00586
https://www.zotero.org/google-docs/?caXyJT
https://www.zotero.org/google-docs/?caXyJT
https://www.zotero.org/google-docs/?caXyJT
https://doi.org/10.3390/ijms20215321
https://doi.org/10.1021/acs.jafc.2c02061
https://doi.org/10.1016/j.bbamcr.2006.11.011
https://doi.org/10.3390/ijms20246135
https://www.zotero.org/google-docs/?caXyJT
https://www.zotero.org/google-docs/?caXyJT
https://www.zotero.org/google-docs/?caXyJT

101

SUMMARY

Peas can be grown in the Northern Great Plains (NGP) of the USA. It is beneficial for its
high protein content and offers benefits like nitrogen fixation. Study on the differential gene
expression for pea seed protein accumulation helps to enhance the nutritional value of crops.
With the increasing demand for plant-based proteins, understanding the genetic and molecular
mechanisms underlying protein accumulation in peas is very important.

The study was conducted in Montana, North Dakota, and Washington. The Trials
conducted in this location revealed that Bozeman performs well in total production of pea as
compared to North Dakota and Washington. Highest yield was observed in PI 164836 in 2021
and PI 193837 in 2022. P1 269777 PSP (36.51%) has high protein content in 2021 and PI
404225 PSP (34%) has high protein content in 2022. Yield and protein show negative correlation
between each other. North Dakota has the lowest yield and high protein as compared too other
research location. PI 198072 PSP, PI 194340, and PI 248181 PSP are the common lines with high
yields in both year 2021 and 2022. PI 271116 PSP, P1 269777 PSP, and PI 198072 PSP are the
common lines with high protein concentration in both 2021 and 2022. PI 198072 PSP have both
high protein as well as high yield.

There are 784 genes with significant differential expression at p-value threshold < 0.05.
250 genes with highly significant differential expression at p-value threshold < 0.01. 38 genes
with extremely significant differential expression with p-value threshold < 0.001. 456 genes were
upregulated with p-value threshold < 0.00 when DS Admiral is considered as control.

Through differential expression analysis, several key genes were identified that play

pivotal roles in various biological processes, molecular functions, and cellular components
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related to protein accumulation. LOC127076022, LOC127131288, LOC127119762,
LOC127115893, LOC127119167, LOC127115550, LOC127125801, LOC127137876,
LOC127082185, and LOC127118786 is responsible for Protein synthesis and translation
initiation. LOC127080798, LOC127083837, LOC127086043, LOC127117555, and
LOCI127117557 are responsible for stress response. LOC127117556, LOC127118184, and
LOC127125877 play roles in transport mechanism. LOC127120677 and LOC127126554 play
important role in detoxification pathways. Signal transduction is regulated by LOC127102450.
Metabolic pathways are regulated by LOC127085763, LOC127086320, LOC127092723,

LOC127095062, LOC127097811, LOC127098319, LOC127107258, LOC127108014.
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APPENDIX A

TABLES OF ACCESSION INCLUDED IN THE EXPERIMENT



Table A1. List of Accessions with status of Seed and Approximated Maturity Distribution.

Type of

SN Name Improvement Status Source Maturity

1 P1274584PSP Cultivated material USDA-GRIN Early-maturity
2 P1142774 Cultivated material USDA-GRIN Early-maturity
3 P1263030PSP Cultivar USDA-GRIN Early maturity
4 ND Dawn Cultivar USDA-GRIN Early-maturity
5 P1343312 Cultivated material USDA-GRIN Early-maturity
6 P1285727PSP Cultivar USDA-GRIN Early-maturity
7 P1174321 Cultivated material USDA-GRIN Early-maturity
8 P1244121PSP Cultivar USDA-GRIN Early-maturity
9 P1250438PSP Cultivar USDA-GRIN Early-maturity
10 P1269774 Cultivar USDA-GRIN Early-maturity
11 DS Admiral Cultivar USDA-GRIN Early-maturity
12 PI212112 Wild material USDA-GRIN Early-maturity
13 P1272161 Cultivated material USDA-GRIN Early-maturity
14 PI1193588 Cultivated material USDA-GRIN Early-maturity
15 P1343321PSP Cultivated material USDA-GRIN Early-maturity
16 P1244129 Cultivar USDA-GRIN Early-maturity
17 P1236492PSP Cultivar USDA-GRIN Early-maturity
18 PI1164779PSP Cultivated material USDA-GRIN Early-maturity
19 PI273676 Cultivated material USDA-GRIN Early-maturity
20 P1285739 Cultivar USDA-GRIN Early-maturity
21 PI1125840PSP Cultivated material USDA-GRIN Early-maturity
22 PI175231PSP Cultivated material USDA-GRIN Early-maturity
23 P1196027 Cultivated material USDA-GRIN Early-maturity
24 PI1206006PSP Cultivated material USDA-GRIN Early-maturity
25 P1280621 Cultivated material USDA-GRIN Early-maturity
26 P1138945 Cultivar USDA-GRIN Early-maturity
27 PI356984PSP Uncertain status USDA-GRIN Early-maturity
28 P1164285 Cultivated material USDA-GRIN Early-maturity
29 PI343278 Cultivated material USDA-GRIN Early-maturity
30 P1166084PSP Cultivated material USDA-GRIN Early-maturity
31 Aragorn Cultivar USDA-GRIN Early-maturity
32 P1280617PSP Cultivated material USDA-GRIN Early-maturity
33 P1164417 Cultivated material USDA-GRIN Early-maturity
34 W639762PSP USDA-GRIN Early-maturity
35 P1285708 Cultivar USDA-GRIN Early-maturity
36 PI1164346 Cultivated material USDA-GRIN Early-maturity
37 PI163125 Cultivated material USDA-GRIN Early-maturity
38 Hampton Cultivar USDA-GRIN Early-maturity
39 PI189171 Cultivar USDA-GRIN Early-maturity
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40 PI1164612PSP Cultivated material USDA-GRIN Early-maturity
41 PI180329PSP Cultivated material USDA-GRIN Early-maturity
42 P1175232 Cultivated material USDA-GRIN Early-maturity
43 P1277851 Cultivated material USDA-GRIN Early-maturity
44 PI1102887 Cultivated material USDA-GRIN Early-maturity
45 P1140296 Cultivated material USDA-GRIN Early-maturity
46 PI1320972PSP Cultivated material USDA-GRIN Early-maturity
47 PI116844 Cultivated material USDA-GRIN Early-maturity
48 PI166159PSP Cultivated material USDA-GRIN Early-maturity
49 P1269804PSP Cultivated material USDA-GRIN Early-maturity
50 P1210558PSP Cultivated material USDA-GRIN Early-maturity
51 P1343296 Cultivated material USDA-GRIN Early-maturity
52 P1240516PSP Cultivar USDA-GRIN Early-maturity
53 P1198735PSP Cultivated material USDA-GRIN Early-maturity
54 P1249644 Cultivated material USDA-GRIN Early-maturity
55 P1166142 Cultivated material USDA-GRIN Early-maturity
56 P1164838 Cultivated material USDA-GRIN Early-maturity
57 PI1257592PSP Cultivated material USDA-GRIN Early-maturity
58 PI1280611PSP Cultivated material USDA-GRIN Early-maturity
59 P1212031PSP Uncertain USDA-GRIN Early-maturity
60 P1193836 Cultivated material USDA-GRIN Early-maturity
61 P1261666 Cultivar USDA-GRIN Early-maturity
62 P1174921PSP Cultivated material USDA-GRIN Early-maturity
63 P1250440PSP Cultivar USDA-GRIN Early-maturity
64 P1244191PSP Cultivar USDA-GRIN Early-maturity
65 P1249646 Cultivated material USDA-GRIN Early maturity
66 P1343286 Cultivated material USDA-GRIN Mid-maturity
67 P1263011 Cultivar USDA-GRIN Mid-maturity
68 P1280607 Cultivated material USDA-GRIN Mid-maturity
69 P1244262 Cultivar USDA-GRIN Mid-maturity
70 P1167250 Cultivated material USDA-GRIN Mid-maturity
71 PI1306590 Cultivar USDA-GRIN Mid-maturity
72 P1250448PSP Cultivar USDA-GRIN Mid-maturity
73 P1193837 Cultivated material USDA-GRIN Mid-maturity
74 P1198074PSP Cultivated material USDA-GRIN Mid-maturity
75 PI156720PSP Cultivar USDA-GRIN Mid-maturity
76 P1175228 Cultivated material USDA-GRIN Mid-maturity
77 P1343295 Cultivated material USDA-GRIN Mid-maturity
78 P1429845PSP Cultivar USDA-GRIN Mid-maturity
79 P1195631PSP Cultivated material USDA-GRIN Mid-maturity
80 P1347477PSP Cultivated material USDA-GRIN Mid-maturity
81 P1194339 Cultivated material USDA-GRIN Mid-maturity
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82 P1142775PSP Cultivar USDA-GRIN Mid-maturity
83 P1476409PSP Cultivated material USDA-GRIN Mid-maturity
84 P1343277 Cultivated material USDA-GRIN Mid-maturity
85 P1196017 Cultivated material USDA-GRIN Mid-maturity
86 PI1227258PSP Cultivated material USDA-GRIN Mid-maturity
87 P1347281PSP Cultivated material USDA-GRIN Mid-maturity
88 P1174922 Cultivated material USDA-GRIN Mid-maturity
89 P1272204PSP Cultivated material USDA-GRIN Mid-maturity
90 PI356980PSP Uncertain USDA-GRIN Mid-maturity
91 PI1314800 Uncertain USDA-GRIN Mid-maturity
92 P1505127PSP Cultivated material USDA-GRIN Mid-maturity
93 PI1193586 Cultivated material USDA-GRIN Mid-maturity
94 P1286607PSP Cultivated material USDA-GRIN Mid-maturity
95 P1244150PSP Cultivated material USDA-GRIN Mid-maturity
96 P1269543PSP Cultivated material USDA-GRIN Mid-maturity
97 P1140295 Cultivated material USDA-GRIN Mid-maturity
98 P1123246 Cultivated material USDA-GRIN Mid-maturity
99 P1343268 Cultivated material USDA-GRIN Mid-maturity
100  PI272218PSP Cultivated material USDA-GRIN Mid-maturity
101  PI137120 Cultivated material USDA-GRIN Mid-maturity
102  PI269818PSP Cultivated material USDA-GRIN Mid-maturity
103 PI250447PSP Cultivated material USDA-GRIN Mid-maturity
104  PI164396 Cultivated material USDA-GRIN Mid-maturity
105  PI269761PSP Cultivated material USDA-GRIN Mid-maturity
106  PI164836 Cultivated material USDA-GRIN Mid-maturity
107  PI198072PSP Cultivated material USDA-GRIN Mid-maturity
108  PI274308PSP Cultivated material USDA-GRIN Mid-maturity
109  PI118501PSP Cultivated material USDA-GRIN Mid-maturity
110  PI193838 Cultivated material USDA-GRIN Mid-maturity
111  PI164669 Cultivated material USDA-GRIN Mid-maturity
112 PI286430PSP Cultivated material USDA-GRIN Mid-maturity
113 PI272215PSP Cultivated material USDA-GRIN Mid-maturity
114  PI203067PSP Cultivated material USDA-GRIN Mid-maturity
115  PI162909PSP Cultivated material USDA-GRIN Mid-maturity
116  PI220175 Cultivated material USDA-GRIN Mid-maturity
117  PI171814 Cultivated material USDA-GRIN Mid-maturity
118  PI266070PSP Cultivated material USDA-GRIN Mid-maturity
119  PI253968PSP Cultivated material USDA-GRIN Mid-maturity
120  PI116056PSP Cultivated material USDA-GRIN Mid-maturity
121  PI137118 Cultivated material USDA-GRIN Mid-maturity
122 PI308796PSP Cultivated material USDA-GRIN Mid-maturity
123 PI476413PSP Cultivated material USDA-GRIN Mid-maturity
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124 PI314803 Cultivated material USDA-GRIN Mid-maturity
125  PI1194349 Cultivated material USDA-GRIN Mid-maturity
126  PI1183467PSP Cultivated material USDA-GRIN Mid-maturity
127  PI222071PSP Cultivated material USDA-GRIN Mid-maturity
128  PI171810PSP Cultivated material USDA-GRIN Mid-maturity
129 PI164548PSP Cultivated material USDA-GRIN Mid-maturity
130  PI179449 Cultivated material USDA-GRIN Mid-maturity
131  P1142777 Cultivated material USDA-GRIN Mid-maturity
132 PI179722PSP Cultivated material USDA-GRIN Mid-maturity
133 PI180693PSP Cultivated material USDA-GRIN Mid-maturity
134 PI619079PSP Cultivated material USDA-GRIN Mid-maturity
135  PI347457PSP Cultivated material USDA-GRIN Mid-maturity
136  PI275821PSP Cultivated material USDA-GRIN Mid-maturity
137  PI121352PSP Cultivated material USDA-GRIN Mid-maturity
138  PI248181PSP Cultivated material USDA-GRIN Mid-maturity
139  PI269802PSP Cultivated material USDA-GRIN Mid-maturity
140  PI222117PSP Cultivated material USDA-GRIN Mid-maturity
141  PI125839PSP Cultivated material USDA-GRIN Mid-maturity
142 PI116944PSP Cultivated material USDA-GRIN Mid-maturity
143  PI343267 Cultivated material USDA-GRIN Mid-maturity
144  PI227457 Cultivated material USDA-GRIN Mid-maturity
145  PI257244PSP Cultivated material USDA-GRIN Mid-maturity
146  PI244093PSP Cultivated material USDA-GRIN Mid-maturity
147  PI207508PSP Cultivated material USDA-GRIN Mid-maturity
148 PI242027PSP Cultivated material USDA-GRIN Mid-maturity
149  PI358620PSP Cultivated material USDA-GRIN Mid-maturity
150  PI194340 Cultivated material USDA-GRIN Mid-maturity
151  PI164972PSP Cultivated material USDA-GRIN Mid-maturity
152 PI196026 Cultivated material USDA-GRIN Mid-maturity
153  PI163126PSP Cultivated material USDA-GRIN Mid-maturity
154  PI220189PSP Cultivated material USDA-GRIN Mid-maturity
155 PI164614 Cultivated material USDA-GRIN Mid-maturity
156  PI226561 Cultivated material USDA-GRIN Mid-maturity
157  PI134271PSP Cultivated material USDA-GRIN Mid-maturity
158  PI343298 Cultivated material USDA-GRIN Mid-maturity
159  PI343284 Cultivated material USDA-GRIN Mid-maturity
160  PI324695PSP Cultivated material USDA-GRIN Mid-maturity
161  PI140298PSP Cultivated material USDA-GRIN Mid-maturity
162  PI155109PSP Cultivated material USDA-GRIN Mid-maturity
163  PI220174PSP Cultivated material USDA-GRIN Mid-maturity
164  PI347290 Cultivated material USDA-GRIN Mid-maturity
165  PI314794PSP Cultivated material USDA-GRIN Mid-maturity
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166  PI137119PSP Cultivated material USDA-GRIN Mid-maturity
167  PI249645PSP Cultivated material USDA-GRIN Mid-maturity
168  PI378157PSP Cultivated material USDA-GRIN Mid-maturity
169  PI184784PSP Cultivated material USDA-GRIN Mid-maturity
170  PI221697PSP Cultivated material USDA-GRIN Mid-maturity
171  PI358300PSP Cultivated material USDA-GRIN Mid-maturity
172 PI193590PSP Cultivated material USDA-GRIN Mid-maturity
173  PI413678PSP Cultivated material USDA-GRIN Mid-maturity
174 PI124478PSP Cultivated material USDA-GRIN Mid-maturity
175  PI179450PSP Cultivated material USDA-GRIN Mid-maturity
176 ~ PI226562 Cultivated material USDA-GRIN Mid-maturity
177  PI347337 Cultivated material USDA-GRIN Mid-maturity
178  P1429843PSP Cultivated material USDA-GRIN Mid-maturity
179  PI163129PSP Cultivated material USDA-GRIN Mid-maturity
180  PI117998PSP Cultivated material USDA-GRIN Mid-maturity
181  PI196031 Cultivated material USDA-GRIN Mid-maturity
182  PI269771 Cultivated material USDA-GRIN Mid-maturity
183  PI269775 Cultivated material USDA-GRIN Mid-maturity
184  PI269762PSP Cultivated material USDA-GRIN Mid-maturity
185  PI381334PSP Cultivated material USDA-GRIN Mid-maturity
186  PI331413PSP Cultivated material USDA-GRIN Late-maturity
187  PI179451PSP Cultivated material USDA-GRIN Late-maturity
188  PI193578PSP Cultivated material USDA-GRIN Late-maturity
189  PI343987PSP Cultivated material USDA-GRIN Late-maturity
190  PI279823PSP Cultivated material USDA-GRIN Late-maturity
191 P1173930 Cultivated material USDA-GRIN Late-maturity
192  PI347496PSP Cultivated material USDA-GRIN Late-maturity
193  PI429839PSP Cultivated material USDA-GRIN Late-maturity
194  PI165949PSP Cultivated material USDA-GRIN Late-maturity
195  PI174925 Cultivated material USDA-GRIN Late-maturity
196  PI163127 Cultivated material USDA-GRIN Late-maturity
197  PI311112 Cultivated material USDA-GRIN Late-maturity
198  PI263031PSP Cultivated material USDA-GRIN Late-maturity
199  PI505062PSP Cultivated material USDA-GRIN Late-maturity
200  PI505080PSP Cultivated material USDA-GRIN Late-maturity
201 P1638516PSP Cultivated material USDA-GRIN Late-maturity
202 PI331414PSP Cultivated material USDA-GRIN Late-maturity
203  PI223527PSP Cultivated material USDA-GRIN Late-maturity
204  PI210571PSP Cultivated material USDA-GRIN Late-maturity
205  PI347295PSP Cultivated material USDA-GRIN Late-maturity
206  PI486131PSP Cultivated material USDA-GRIN Late-maturity
207  PI272184PSP Cultivated material USDA-GRIN Late-maturity
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208  PI639978PSP Cultivated material USDA-GRIN Late-maturity
209  PI343331PSP Cultivated material USDA-GRIN Late-maturity
210  PI285718PSP Cultivated material USDA-GRIN Late-maturity
211 P1197044PSP Cultivated material USDA-GRIN Late-maturity
212 PI324703PSP Cultivated material USDA-GRIN Late-maturity
213 PI347329PSP Cultivated material USDA-GRIN Late-maturity
214 PI1143485PSP Cultivated material USDA-GRIN Late-maturity
215  PI209507PSP Cultivated material USDA-GRIN Late-maturity
216 PI409031PSP Cultivated material USDA-GRIN Late-maturity
217  PI393489PSP Cultivated material USDA-GRIN Late-maturity
218  PI280619PSP Cultivated material USDA-GRIN Late-maturity
219  W612723PSP Cultivated material USDA-GRIN Late-maturity
220  PI594358PSP Cultivated material USDA-GRIN Late-maturity
221 P1269825PSP Cultivated material USDA-GRIN Late-maturity
222 PI263014PSP Cultivated material USDA-GRIN Late-maturity
223 PI184130PSP Cultivated material USDA-GRIN Late-maturity
224 PI1195404PSP Cultivated material USDA-GRIN Late-maturity
225  PI393490PSP Cultivated material USDA-GRIN Late-maturity
226 PI344003PSP Cultivated material USDA-GRIN Late-maturity
227  PI166187 Cultivated material USDA-GRIN Late-maturity
228  W612739PSP Cultivated material USDA-GRIN Late-maturity
229  PI324699 Cultivated material USDA-GRIN Late-maturity
230  PI263032PSP Cultivated material USDA-GRIN Late-maturity
231 P1274307PSP Cultivated material USDA-GRIN Late-maturity
232 PI505108PSP Cultivated material USDA-GRIN Late-maturity
233 PI201390PSP Cultivated material USDA-GRIN Late-maturity
234 PI306591PSP Cultivated material USDA-GRIN Late-maturity
235  PI639979PSP Cultivated material USDA-GRIN Late-maturity
236  PI413688PSP Cultivated material USDA-GRIN Late-maturity
237  PI195020PSP Cultivated material USDA-GRIN Late-maturity
238  PI271116PSP Cultivated material USDA-GRIN Late-maturity
239  PI324697PSP Cultivated material USDA-GRIN Late-maturity
240  PI343936 Cultivated material USDA-GRIN Late-maturity
241 P1404225PSP Cultivated material USDA-GRIN Late-maturity
242 PI499982PSP Cultivated material USDA-GRIN Late-maturity
243 PI272171PSP Cultivated material USDA-GRIN Late-maturity
244  PI340130PSP Cultivated material USDA-GRIN Late-maturity
245  PI340128PSP Cultivated material USDA-GRIN Late-maturity
246  PI356991PSP Cultivated material USDA-GRIN Late-maturity
247  PI272148PSP Cultivated material USDA-GRIN Late-maturity
248  P1639981PSP Cultivated material USDA-GRIN Late-maturity
249 PI269777PSP Cultivated material USDA-GRIN Late-maturity
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250  PI273605PSP Cultivated material USDA-GRIN Late-maturity
251  PI280252PSP Cultivated material USDA-GRIN Late-maturity
252  PI272216PSP Cultivated material USDA-GRIN Late-maturity
253  PI277852PSP Cultivated material USDA-GRIN Late-maturity
254  W617293PSP Cultivated material USDA-GRIN Late-maturity
255  PI343292PSP Cultivated material USDA-GRIN Late-maturity
256  PI371796PSP Cultivated material USDA-GRIN Late-maturity
257  PI117264PSP Cultivated material USDA-GRIN Late-maturity
258  PI280609PSP Cultivated material USDA-GRIN Late-maturity
259  PI319374PSP Cultivated material USDA-GRIN Late-maturity
260  W626157PSP Cultivated material USDA-GRIN Late-maturity
261 P1358633PSP Cultivated material USDA-GRIN Late-maturity
262  PI1204306PSP Cultivated material USDA-GRIN Late-maturity
263  PI1164971PSP Cultivated material USDA-GRIN Late-maturity
264  PI307666PSP Cultivated material USDA-GRIN Late-maturity
265  PI340126 Cultivated material USDA-GRIN Late-maturity
266  PI639980PSP Cultivated material USDA-GRIN Late-maturity
267  PI1324702PSP Cultivated material USDA-GRIN Late-maturity
268  PI179459PSP Cultivated material USDA-GRIN Late-maturity
269  PI356986PSP Cultivated material USDA-GRIN Late-maturity
270  PI280613PSP Cultivated material USDA-GRIN Late-maturity
271  PI270536PSP Cultivated material USDA-GRIN Late-maturity
272  P1429849PSP Cultivated material USDA-GRIN Late-maturity
273  PI356992PSP Cultivated material USDA-GRIN Late-maturity
274  PI197990PSP Cultivated material USDA-GRIN Late-maturity
275  PI203069PSP Cultivated material USDA-GRIN Late-maturity
276  PI269763 Cultivated material USDA-GRIN Late-maturity
277  PI181800 Cultivated material USDA-GRIN Late-maturity
278  PI179019 Cultivated material USDA-GRIN Late-maturity
279  PI1169603PSP Cultivated material USDA-GRIN Late-maturity
280  PI393488PSP Cultivated material USDA-GRIN Late-maturity
281 P1324706PSP Cultivated material USDA-GRIN Late-maturity
282  PI272194PSP Cultivated material USDA-GRIN Late-maturity
283  P1494077PSP Cultivated material USDA-GRIN Late-maturity
284  PI343958PSP Cultivated material USDA-GRIN Late-maturity
285  PI180702PSP Cultivated material USDA-GRIN Late-maturity
286  PI271035PSP Cultivated material USDA-GRIN Late-maturity
287  PI102888PSP Cultivated material USDA-GRIN Late-maturity
288  W626160PSP Cultivated material USDA-GRIN Late-maturity
289  PI343824PSP Cultivated material USDA-GRIN Late-maturity
290  PI241593PSP Cultivated material USDA-GRIN Late-maturity
291  PI263027PSP Cultivated material USDA-GRIN Late-maturity
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292  PI261677PSP Cultivated material USDA-GRIN Late-maturity
293  PI271511PSP Cultivated material USDA-GRIN Late-maturity
294  P1639976PSP Cultivated material USDA-GRIN Late-maturity
295  PI639977PSP Cultivated material USDA-GRIN Late-maturity
296  PI167253 Cultivated material USDA-GRIN Late-maturity
297  PI343263 Cultivated material USDA-GRIN Late-maturity
298  PI477371PSP Cultivated material USDA-GRIN Late-maturity
299  PI505122PSP Cultivated material USDA-GRIN Late-maturity
300  PI261623PSP Cultivated material USDA-GRIN Late-maturity
301 P1210569PSP Cultivated material USDA-GRIN Late-maturity
302  PI285710PSP Cultivated material USDA-GRIN Late-maturity
303  PI269776 Cultivated material USDA-GRIN Late-maturity
304  PI1299023 Cultivated material USDA-GRIN Late-maturity

USDA-GRIN: US Department of Agriculture-Germplasm Resources Information Network

Table A2. Yield (kg/ha), Protein (%), and 100 seed weight (gm) of accession across locations in
2021.

Bozeman Prosper Pullman

Name Yield Protei Yield Protei 100SW Yield Protei 100SW
(kgtha)  n(%) (kglha) n(%) (gm)  (kgtha) n (%)  (gm)

Agassiz 157 31.3 25
Aragorn 1645 28.1
Arcadia 118 30.1 18
Columbian 903 29.7 21
DS 1942 27.8 850 27.7 18
Admiral
Hampton 1997 29.7 172 301 21 938 29.5 20
ND Dawn 2070 27.4 99 304 20 935 25.9 19
P1102887 407 29.8 118 30.8 16 959 30.7 12
P1102888 1746 31.3 1047 31.7 12 1076 29.2 11
PSP
Pl 116056 1842 314 40 30.1 13 975 30.6 14
PSP
Pl 116844 28.7 272 31.0 23 695 31.6 19
P1116944 902 28.1 40 316 9 807 30.2 8
PSP
Pl1117264 1411 32.3 412 31.3 30 461 28.0 25
PSP
P1117998 1363 32.8 100 324 30 615 33.9 25
PSP
P1118501 1770 27.6 94 302 26 822 27.6 23

PSP
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P1121352 1961 29.2 0 10 1332 26.2 17
PSP

P1123246 1531 31.5 24 19 760 30.7 12
P1124478 1124 28.2 11 21 552 28.2 18
PSP

P1125839 1890 30.2 175 313 11 707 31.5 10
PSP

P1125840 670 30.7 105 325 12 840 30.1 10
PSP

P1134271 1148 28.6 22 8 403 30.0 8
PSP

P1137118 2009 30.6 94 319 17 786 28.4 13
P1137119 1770 31.3 97 316 16 526 30.5 14
PSP

P1137120 2009 30.3 135 324 15 798 29.9 14
P1138945 1076 32.6 86 36.2 10 502 33.4 8
P1140295 1746 29.7 19 17 707 28.5 16
P1 140296 31.4 108 329 17 1239 313 16
P1 140298 2081 33.9 328 350 26 887 34.5 21
PSP

P1142774 1746 31.1 35 314 23 773 31.4 13
Pl 142775 2272 31.8 24 16 568 28.8 18
PSP

Pl 142777 2009 29.9 54 29.7 22 1117  28.3 20
Pl 143485 1052 32.2 213 346 17 1318  33.2 19
PSP

P1155109 1435 33.3 425 324 29 360 31.4 26
PSP

P1156720 478 26.9 140 306 21 742 27.7 17
PSP

P1162909 1866 31.4 11 17 502 28.6 16
PSP

P1163125 1770 31.7 30 15 700 30.7 15
P1163126 1961 30.8 65 285 11 736 30.8 11
PSP

P1163127 1985 29.9 113 258 18 902 28.5 16
P1163129 1770 311 164 272 15 732 311 12
PSP

P1164285 1794 29.7 363 284 17 1116 295 15
P1164346 1387 30.8 143 288 20 500 33.7 15
P1164396 1842 30.1 46 28.7 16 776 31.0 12
P1164417 1746 30.6 215 32.8 17 285 30.6 11
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P1164548 1890 28.8 0 16 523 28.2 18
PSP

P1164612 1650 31.0 495 31.7 15 795 31.4 12
PSP

P1164614 1674 30.9 75 285 15 450 30.9 12
P1164669 1961 30.5 264 33.0 18 1617  29.7 14
P1164779 550 29.3 129 324 11 248 29.1 13
PSP

P1164836 2344 28.9 83 284 16 1377 270 16
P1164838 1603 33.0 121 323 16 559 32.3 15
P1164971 1316 32.7 159 341 23 835 34.0 24
PSP

P1164972 1818 311 0 17 1512 30.2 15
PSP

P1165949 478 32.9 57 346 9 174 32.1 5
PSP

P1166084 574 30.5 43 304 8 198 27.6 11
PSP

P1166142 1148 30.1 121 322 14 737 30.8 13
P1166159 981 33.0 205 333 7 252 32.8 6
PSP

P1166187 1076 33.0 205 333 21 1172 323 20
P1167250 359 30.7 110 318 7 339 30.6 5
P1167253 1794 32.6 202 311 24 895 29.9 12
P1169603 1866 29.6 110 296 26 700 29.3 20
PSP

P1171810 1794 29.0 288 204 24 1314 273 19
PSP

P1171814 1961 30.8 336 300 13 1181  28.3 13
P1173930 2009 30.5 126 315 20 1486  28.3 18
P1174321 1172 30.6 285 301 25 1246 28.7 19
P1174921 622 30.7 110 330 8 186 30.0 6
PSP

P1174922 1722 32.4 81 347 9 127 6
P1174925 1866 30.6 304 310 24 467 29.5 18
P1175228 407 32.5 24 19 358 31.7 16
P1175231 454 30.7 183 335 8 190 29.6 6
PSP

P1175232 1722 30.2 35 258 14 1667 294 16
P1179019 1507 32.9 657 32.7 16 2685 295 13
P1179449 1124 33.0 70 320 11 549 30.4 11
P1179450 1818 34.0 135 322 22 1228  29.6 19

PSP
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P1179451 1746 33.3 40 31.8 22 562 33.5 19
PSP
P1179459 1842 29.4 600 314 22 1550 275 21
PSP
P1179722 526 321 5 12 718 321 16
PSP
P1180329 1340 32.3 0 7 903 31.2 13
PSP
P1180693 1555 31.5 75 321 15 1228  30.7 17
PSP
P1180702 1435 28.6 148 306 20 919 30.3 14
PSP
P1181800 1842 32.7 404 334 14 1705 284 12
P1183467 1794 31.7 751 315 15 1357 294 14
PSP
P1184130 1627 30.4 277 310 21 3076  26.6 19
PSP
P1184784 1100 31.5 140 325 18 569 32.7 16
PSP
P1189171 30.0 476 295 25 336 354 32
P1193578 1890 31.2 54 306 18 420 29.9 15
PSP
P1193586 1770 31.6 167 319 16 1106 29.2 15
P1193588 1985 29.9 65 280 14 51 28.5 14
P1193590 1842 33.1 328 329 17 566 33.4 14
PSP
P1193836 1627 29.7 43 202 14 807 29.5 13
P1193837 1627 34.1 116 33.0 19 621 32.2 13
P1193838 1938 32.9 65 355 16 1348  32.7 14
P1194339 1890 30.6 57 295 17 973 27.8 15
P1194340 2033 32.5 3 19 1043 322 15
P1194349 2177 30.1 256 303 19 619 25.9 17
P1195020 1579 32.7 369 333 19 1457  30.9 18
PSP
P1195404 1914 31.9 280 324 16 2554  30.0 14
PSP
P1195631 1627 325 54 30.1 18 1182  29.2 13
PSP
P1196017 2201 30.9 436 325 20 978 28.7 16
P1196026 2009 324 51 336 17 1372 30.9 14
P1196027 1579 33.2 280 319 16 1330  32.7 14
P1196031 1794 33.3 371 33.7 16 979 31.9 16
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PI197044 1483 293 108 302 27 378 297 3l
PSP

PI197990 1698  30.0 113 314 22 636 307 17
PSP

PI198072 2009 341 113 311 18 738 345 24
PSP

PI198074 1794 301 46 335 23 689 319 18
PSP

PI198735 263 280 148 284 10 228 286 7
PSP

PI201390 885 298 509 322 18 2263 288 17
PSP

P1 203067 283 40 28.4 18 667 319 20
PSP

PI203069 1603 317 318 316 16 2848 295 15
PSP

PI204306 1818 322 361 334 22 1646 307 22
PSP

PI206006 1722  32.6 568 339 24 1221 293 21
PSP

PI207508 909 267 5 6 254 305 7
PSP

PI209507 1985  30.4 304 327 20 871 296 18
PSP

PI210558 981 283 57 308 18 312 283 16
PSP

PI210569 2033  29.0 315 324 19 1437 278 19
PSP

PI210571 1411 311 288 314 24 515 293 20
PSP

PI212031 765 302 46 292 9 410 308 8
PSP

PI212112 765 306 274 336 11 286 278 8
PI220174 574 280 8 9 545 305 8
PSP

P1220175 909 279 59 314 11 236 286 7
PI220189 885 284 48 310 10 602 313 9
PSP

PI221697 1650 323 43 296 14 2362 262 11
PSP

PI222071 526 275 19 12 520 300 7
PSP

PI 222117 670 286 67 306 9 897 306 8

PSP
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PI223527 1866 317 417 337 15 1862 283 13
PSP

PI226561 1794 316 24 16 571 326 14
PI226562 1938 320 153  30.8 17 664 320 15
PI227258 1148 309 94 319 13 506 298 9
PSP

PI 227457 277 245 315 26 830 302 7
PI236492 1459 322 27 23 734 332 21
PSP

PI240516 1148 288 57 316 29 567 285 16
PSP

PI241593 1459 322 16 21 649 300 19
PSP

PI242027 1818 316 13 18 660 315 15
PSP

PI244093 1555 325 75 303 22 558 309 17
PSP

PI244121 96 284 32 302 23 641 293 19
PSP

PI244129 1650 295 196  31.6 21 803 290 17
PI244150 1172 333 105 337 29 488 337 21
PSP

PI244191 1100 261 170 296 21 347 288 18
PSP

PI244262 1483 278 218  29.8 18 0 297 18
PI248181 2057 311 40 316 14 603 309 16
PSP

PI249644 1603 304 16 17 743 303 16
PI249645 1507 314 38 317 12 492 324 12
PSP

PI249646 1842 292 24 12

PI250438 1124 287 170 322 20 393 302 15
PSP

PI250440 1100 285 57 303 17 473 311 14
PSP

PI 250447 813 292 8 19 775 316 21
PSP

PI250448 837 202 8l 304 16 261 294 14
PSP

P1253968 957 281 81 298 11 656 313 9
PSP

PI 257244 281 51 2719 22 402 293 18

PSP
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PI257592 1746 314 27 13 1205 312 13
PSP

P1261623 431 344 35 32 341 329 25
PSP

PI261666 1268  26.9 11 24 110 19
PI261677 96 341 170 346 10 221 292 12
PSP

PI263011 1794  30.0 116 333 27 980 317 21
P1 263014 287 239 306 23 1224 211 24
PSP

P1263027 765 328 40 326 24 637 308 24
PSP

PI263030 526 309 129 306 17

PSP

PI263031 1818 282 223  30.6 22 1276 292 27
PSP

P1263032 909 331 221 324 25 759 317 24
PSP

PI266070 2057 325 43 293 21 190 270 19
PSP

PI269543 1603 312 205 305 23 963 299 22
PSP

PI269761 1124 317 59 317 10 490 328 9
PSP

PI269762 1794 317 172 315 14 844 327 11
PSP

PI269763 1746  32.8 501 313 21 1715 302 19
PI269771 1674 336 304  30.7 15 823 328 11
PI269774 1483 30 258  31.0 13 1608 29.8 11
PI269775 1674 321 183 311 16 1585 29.6 15
PI269776 1818 321 791 319 19 1881 316 16
PI269777 885 365 632 369 14 1240 320 13
PSP

PI269802 1507  36.3 16 29 1231 351 22
PSP

PI269804 1890  29.0 83 294 21 1225 290 19
PSP

PI269818 1244 304 35 296 12 320 297 7
PSP

PI269825 1722 285 178  30.7 24 2952 245 20
PSP

PI270536 1483 342 148 349 20 2320 341 18

PSP
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P1 271035 285 113 306 24 280 277 21
PSP

PI271116 1435 352 48 334 19 665 335 20
PSP

PI271511 1650  30.2 153 304 25 302 295 23
PSP

PI272148 1124 324 175 321 21 1284 303 21
PSP

PI272161 1674 311 242 321 19 686 31.8 17
PI272171 1961 326 517 317 20 1325 301 19
PSP

PI272184 1316 325 955 325 10 2689 317 10
PSP

PI272194 1770 336 229 348 20 1126 314 17
PSP

PI272204 1435 334 291 347 18 631 331 16
PSP

PI272215 1842 305 73 324 16 714 323 13
PSP

PI272216 1435 324 75 323 16 1359 336 15
PSP

PI272218 1961 316 91 314 21 992 296 16
PSP

PI273605 1268 332 318 324 20 1202 316 20
PSP

PI273676 1674 322 24 15

PI274307 1268 324 250 343 7 450 318 6
PSP

PI274308 1052 328 24 8 299 321 5
PSP

PI274584 1722 301 11 19 666  30.8 17
PSP

PI275821 1627 340 210 338 24 955 323 22
PSP

PI277851 1531  30.7 355 312 20 1026 280 17
PI277852 1579  30.4 137 307 17 1020 278 15
PSP

PI279823 1435 321 24 20 668 320 18
PSP

PI280252 1746  30.7 291 332 17 1382 291 15
PSP

PI280607 1292 317 449 334 16 510 311 13
PI280609 1268  32.8 441 340 7 1956 302 6

PSP
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P1 280611 2719 8 28 258 277 28
PSP

PI280613 1363 334 213 348 16 2817 313 16
PSP

PI280617 1674 322 38 332 26 1008 289 21
PSP

PI280619 1770 350 420 349 20 2303 330 21
PSP

PI280621 1674 317 420  30.7 19 1386 15
PI285708 1794 327 59 325 19 1079 329 18
PI285710 1507 331 455 341 22 2331 300 21
PSP

PI285718 1627 331 237 341 18 1656 29.7 18
PSP

PI285727 1674 315 &5 13 682 332 19
PSP

PI285739 1316 316 48 219 27 447 315 24
PI286430 1292 299 40 297 13 488 303 20
PSP

PI286607 1627  30.9 167  29.9 17 554 303 16
PSP

PI299023 1722 303 167  29.7 13 1045 293 11
PI306590 1483 322 320 318 9 697  30.6 9
PI306591 1100 321 433 329 14 2117 334 10
PSP

PI307666 1196  31.8 885 326 13 2623 315 12
PSP

PI308796 239 312 54 320 24 332 312 18
PSP

PI311112 2009 291 159 284 15 907 283 16
PI314794 1842 288 62 291 27 568 274 24
PSP

PI314800 1794 327 43 306 19 699 331 15
PI314803 1698 311 65 300 19 785 308 16
PI319374 1674 292 226 295 23 1287 282 24
PSP

PI320972 1292 280 13 19 366 291 18
PSP

PI324695 1650  30.1 73 307 22 1000 293 16
PSP

PI324697 1650 336 624 343 18 2597 307 17
PSP

PI324699 1531 323 223 311 16 1450 30.7 13




134

P1324702 1698 33.9 0 15 1808  30.3 13
PSP

P1324703 1674 35.5 1108 336 17 895 33.9 14
PSP

P1324706 1124 34.8 269 335 10 1531 305 9
PSP

P1331413 1603 31.3 242 30.2 18 699 30.4 16
PSP

P1331414 1435 30.9 183 328 18 2539  29.6 16
PSP

P1340126 1746 31.0 62 309 15 1209 289 12
P1340128 1459 33.6 455 320 15 2201 319 13
PSP

P1340130 1531 32.1 194 312 19 1009 291 13
PSP

P1343263 1316 325 129 324 13 564 31.4 8
Pl 343267 1722 33.1 75 320 10 794 31.8 10
P1343268 1555 31.6 172 29.8 17 745 28.9 15
P1343277 1196 324 16 11 405 32.0 10
P1343278 167 31.6 143 314 6 226 314 5
P1343284 454 31.6 283 331 9 97 6
P1343286 789 31.7 78 324 7 98 6
P1343292 1292 33.8 285 333 13 914 31.1 14
PSP

P1343295 1770 31.6 277 326 18 709 30.8 14
P1343296 574 31.4 145 332 9 248 30.4 6
P1343298 1387 32.1 118 332 15 322 30.0 14
P1343312 1603 30.3 213 30.7 22 1241 28.9 18
P1343321 646 334 293 33.7 38 576 33.6 30
PSP

P1343331 885 34.4 183 353 26 1116 33.6 26
PSP

Pl 343824 29.3 59 354 28 1379 328 24
PSP

P1343936 1818 32.3 51 33.7 20 878 31.3 17
P1343958 1603 31.5 702 328 23 1269  30.2 20
PSP

P1343987 1627 31.7 94 308 25 562 31.5 19
PSP

P1344003 1674 324 116 329 25 425 32.8 20
PSP

P1347281 1770 311 24 16 413 32.0 9

PSP
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P 347290 282 13 17 369 305 13
PI347295 1650 304 202 318 25 438 299 25
Elsg47329 1244 316 159 301 26 421 266 21
E?§47337 1555  30.7 151 308 17 460 298 12
PI347457 1985 318 89 302 17 460 285 14
E?§47477 1914 312 67 306 16 997 302 14
E|8247496 1722 322 221 345 17 1015 321 17
Elsgsegso 1292 334 48 338 21 318 340 16
PSP

PI 356984 957 340 27 12 533 319 9
PSP

PI356986 1722 349 619 361 16 2092 322 14
glszseggl 1698 337 137 314 17 869 313 15
Elsgfseggz 1794 337 377 331 18 684 332 16
EIS:58300 2009 296 13 11 1031 287 13
Elszssezo 1340 303 65 307 23 1162 299 17
EIS§58633 1579 342 309 342 16 433 324 14
Elsg71796 1268 30.9 404 306 27 1067 276 23
E?§78157 1603  30.8 46 323 24 638 326 23
E|8281334 1507 319 54 314 28 577 331 31
ElS§93488 1555 330 288 356 14 1041 321 13
EIS:93489 1674 338 482 345 14 1527 299 12
E|8293490 1435 320 554 341 16 2726 299 13
E|5204225 646 338 164 349 10 1737 291 8
E?Zogom 1268 357 118 360 21 3444 345 22

PSP
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PI413678 1483 286 54 269 35 76 22
PSP

PI413688 1507 293 277 314 34 298 282 30
PSP

PI429839 1483 320 8 8 451 322 8
PSP

PI429843 1985  31.7 140 288 16 793 290 15
PSP

PI429845 1555 283 24 18 780 286 16
PSP

PI429849 1507 343 581 337 15 2184 323 14
PSP

PI476409 1770 335 161 340 18 1297 321 17
PSP

PI476413 1603 284 0 0 739 273 23
PSP

PI477371 1483 292 288  30.7 24 1842 272 20
PSP

PI486131 1698  30.8 307 324 23 1390 290 22
PSP

PI494077 622 321 116 313 24 1330 328 22
PSP

PI499982 1603  27.4 398  29.8 20 1176 243 16
PSP

PI505062 1387  32.0 420 344 18 747 318 18
PSP

PI505080 1818  29.6 404  30.0 19 3178 271 17
PSP

PI505108 1531 313 552 331 16 1084 295 13
PSP

PI505122 1627 299 681 310 23 2583 27.3 13
PSP

PI505127 1842 326 32 292 17 1574 318 15
PSP

PI594358 1866  27.7 215  32.8 22 1944 259 17
PSP

PI619079 2033 295 8 15 683 289 18
PSP

PI638516 1524 291 57 296 21 1353 282 19
PSP

PI639976 1842  30.6 207 333 17 1526 311 17
PSP

PI639977 1866 322 253 334 16 1208 324 15

PSP
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P1639978 1770 33.3 573 328 20 2745 319 17
E?ZBQQ?Q 2009 32.0 452 340 20 2033 321 18
IEISESQ%O 1674 30.7 186 326 17 2224 301 18
glsg39981 1722 31.3 301 341 18 1050  30.7 17
5\%312723 1076 32.8 619 331 15 2681  30.4 13
5\?;12739 957 34.4 129 36.4 28 1509 316 25
\2\26:17293 1076 33.8 651 342 11 2225 305 9

W6 26157 837 350 231 351 22 1169 350 23
PSP
W6 26160 909 343 191 338 23 1497 312 21
PSP
W6 39762 275 11 18 1326 282 20
PSP

Table A3. Yield (kg/ha), Protein (%), and 100 seed weight (gm) of accession across locations in
2022,

Bozeman Prosper Pullman

Name Yield Protein  Yield Protein 100SW Yield Protein  100SW

(kglha) (%) (kglha) (%) (gm)  (kg’ha) (%) (gm)
Agassiz 6460 266 25
Aragorn 1880 24.0
Arcadia 3968 25.1 20
Columbian 272 25.4 17
DS Admiral 2175 22.0 291 23.4 17
Hampton 2614 25.2 4019 264 25 275 25.2 18
ND Dawn 2727 22.2 5875 30.0 23 334 22.6 17
Pl 102887 844 25.0 1784 310 16 195 26.1 12
P1102888 2038 26.0 1913 323 9 252 27.8 9
PSP
Pl 116056 1569 25.5 2155 332 12 245 27.7 13
PSP
Pl 116844 1408 26.6 2043 301 21 225 27.9 16
P1116944 397 20.9 820 295 9 153 25.5 7
PSP

PI117264 2421 231 2598  30.8 25 502 279 22
PSP
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PI117998 2026 261 3546  30.0 27 553 307 21
PSP

PI118501 2033 229 3589 284 28 255 234 22
PSP

PI121352 2412 249 1561 289 15 457 264 14
PSP

PI123246 2137 248 1791 293 16 238 252 13
PI124478 2604 239 2763 285 20 390 228 17
PSP

PI125839 1897 27.4 2745 333 10 187 245 8
PSP

PI125840 1222 256 1452 292 11 175 254 10
PSP

PI134271 557 236 1871 295 9 142 242 8
PSP

PI137118 1209 275 1933 334 14 252 265 13
PI137119 1497 255 2270 324 14 138 263 13
PSP

PI137120 1452 266 2833 332 14 272 242 15
P1138945 635 248 1388 336 11 43 7
PI140295 1325 228 1993 286 14 227 268 13
PI140296 1635  26.6 2338 30.7 17 365 280 14
PI140298 2695  26.4 3406 332 19 207 279 18
PSP

PI142774 2539 246 1873 318 14 244 282 10
PI142775 2641 246 3825 293 21 415 278 19
PSP

PI142777 2357 242 4140 298 21 360 250 15
PI143485 2478 280 1656 317 20 242 283 17
PSP

PI155109 1312 243 1706 311 18 253 284 17
PSP

PI156720 568 230 1979 311 21 206 222 17
PSP

PI162909 1615 249 2157 304 19 175 9
PSP

PI163125 940 264 2488 310 15 218 242 11
PI163126 1127 254 1819 311 12 140 247 10
PSP

PI163127 2357 237 1568 302 15 408 248 16
PI163129 2008 244 1680 286 13 159 251 13
PSP

PI164285 2631 238 1857  29.0 16 356 216 12
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P1164346 848 22.6 2519 294 21 264 26.3 16
P1164396 2000 245 1436 29.1 14 277 23.8 11
P1164417 1827 25.5 1606 264 17 214 21.8 15
P1164548 1665 23.2 1996 28.3 16 120 22.5 13
PSP

P1164612 2650 25.6 1622 274 15 231 24.4 12
PSP

P1164614 1534 23.6 1735 29.0 15 434 26.8 13
P1164669 1646 25.1 2347 30.7 14 244 27.6 12
P1164779 203 24.8 1838 312 11 113 9
PSP

P1164836 2335 24.0 1572 283 13 334 24.3 12
P1164838 1074 26.2 1897 325 15 169 26.3 12
P1164971 2337 24.9 505 355 19 325 29.0 18
PSP

P1164972 2245 26.1 2409 31.3 17 230 24.1 13
PSP

P1165949 313 29.0 808 328 7 61 5
PSP

P1166084 1274 26.2 1489 315 12 141 9
PSP

P1166142 1046 26.1 1766 302 13 346 24.4 12
P1166159 555 33.1 1350 328 6 0

PSP

P1166187 1658 25.7 2751 319 21 217 27.5 16
P1167250 330 24.9 433 324 6 13

P1167253 2348 25.0 264 36.2 8 474 28.7 10
P1169603 2500 25.7 2667 29.1 25 482 26.5 23
PSP

P1171810 1581 22.9 4217 26.8 21 260 23.0 18
PSP

P1171814 1917 23.8 1469 319 11 250 23.9 11
P1173930 2129 24.6 1197 29.8 16 295 23.2 16
P1174321 1616 244 2549 299 21 266 23.9 17
P1174921 439 24.7 946 310 6 37 3
PSP

P1174922 1081 28.5 971 327 9 38 7
P1174925 1923 24.5 2909 301 17 246 25.0 17
P1175228 1481 25.9 839 320 16 86 10
P1175231 702 24.2 775 322 6 35 6
PSP

P1175232 1782 244 3307 280 15 430 25.6 12
P1179019 2187 25.9 289 335 11 354 26.8 11
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P1179449 1398 22.3 2333 329 9 124 8
P1179450 2454 254 1720 33.0 16 377 29.1 19
PSP

P1179451 2083 26.0 2345 348 20 268 29.5 16
PSP

P1179459 2449 22.8 2171 29.2 17 387 24.7 17
PSP

P1179722 1586 27.1 2275 324 14 227 28.9 15
PSP

P1180329 2062 26.6 1473 323 14 65 7
PSP

P1180693 1881 26.7 1941 330 15 272 21.7 15
PSP

P1180702 2479 23.0 1914 31.7 16 307 27.6 13
PSP

P1181800 2579 22.5 2116 314 10 433 27.2 10
P1183467 2033 25.0 295 36.2 9 416 28.0 12
PSP

P1184130 1976 234 2081 293 20 609 28.3 18
PSP

P1184784 654 25.5 2301 305 16 219 25.3 17
PSP

P1189171 1342 27.1 1441 355 47 155 29.4 36
P1193578 1990 251 3085 298 17 287 25.9 15
PSP

P1193586 2107 26.5 1253 29.2 17 24.3
P1193588 1537 25.7 1661 276 15 342 25.3 12
P1193590 1938 26.8 1466 322 15 368 30.0 15
PSP

P1193836 1857 25.1 2546 260 17 258 23.1 11
P1193837 2508 27.0 3155 324 17 222 26.1 13
P1193838 2386 26.8 3338 324 17 349 29.9 16
P1194339 2172 24.5 1727 304 16 371 24.9 14
P1194340 2220 26.4 3151 33.0 18 232 28.2 14
P1194349 2267 24.6 2275 294 15 201 23.3 15
P1195020 2535 25.3 1439 348 15 449 30.1 14
PSP

P1195404 1342 24.3 2534 314 14 364 29.5 12
PSP

P1195631 2278 254 2298 31.2 13 360 28.5 13
PSP

P1196017 1851 25.1 2316 332 12 321 27.7 13
P1196026 1502 25.8 2462 319 13 202 27.2 12
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PI106027 2885 271 3235 332 19 203 266 14
PI196031 1871 262 2035 336 12 324 291 12
PI197044 1927 250 2663  29.6 30 386 264 27
PSP

PI197990 2297 235 1902 337 14 298 270 14
PSP

PI198072 2994 283 1819 306 26 301 302 21
PSP

PI1908074 1033 256 2785 292 19 245 257 16
PSP

PI198735 881 219 972 205 8 193 265 8
PSP

PI201390 2547 237 1658 289 17 409 261 14
PSP

PI203067 1829 252 3234 299 21 245 273 16
PSP

PI203069 2500 256 575 31 14 387 288 15
PSP

PI204306 2337 248 1711 330 16 285 314 17
PSP

PI206006 1811 250 1575 345 15 388 204 18
PSP

PI207508 289 225 1111 292 8 126 253 7
PSP

PI209507 1841  22.6 2085 316 16 349 259 18
PSP

PI210558 777 226 2326 320 17 179 236 13
PSP

PI210569 1084 233 2566 280 17 242 215 15
PSP

PI210571 1848 239 3354 302 21 393 268 21
PSP

PI212031 429 212 1375 293 9 105 7
PSP

PI212112 618 236 1022 340 9 144 251 8
PI220174 439 252 1811 289 8 158 260 7
PSP

P1220175 470 280 1689 294 7 266 267 8
P1220189 495 222 1493 293 9 154 8
PSP

PI221697 2155 262 874 351 9 314 262 11
PSP

PI222071 378 218 2147 286 14 82 7

PSP
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PI 222117 549 288 1235 283 7 111 281 7
PSP

PI223527 2293 241 1334 333 12 162 263 12
PSP

PI226561 1816 242 3125  30.8 14 230 290 11
PI226562 1521 248 2104 320 14 345 301 14
PI227258 1796 244 2308 325 10 135 8
PSP

PI 227457 866 280 874 335 9 139 257 6
PI236492 1746 257 975 341 19 32 278 20
PSP

PI 240516 562 235 1138 300 26 216 19
PSP

PI241593 2061 258 980 32 14 234 292 13
PSP

PI242027 1452 244 1507 318 14 133 272 13
PSP

PI244093 1307 261 1581 331 15 545 293 15
PSP

PI 244121 474 254 1993 302 18 224 241 19
PSP

PI244129 1928 236 2945 306 20 307 229 18
PI244150 1841 270 1560 319 22 328 294 19
PSP

PI244191 1600 232 3736 283 22 326 228 17
PSP

PI244262 1159 223 3055  29.7 21 204 222 15
PI248181 2199 256 3138 295 16 327 245 14
PSP

PI249644 2082 250 2322 304 16 395 244 14
PI 249645 962 279 2778 312 15 183 254 10
PSP

PI249646 2587 242 2288 282 13 351 232 11
PI250438 694 237 2648 284 20 254 223 16
PSP

PI 250440 677 245 2151 293 17 230 218 14
PSP

PI250447 1458 248 4251  30.8 19 292 247 16
PSP

P1250448 631 245 2401 285 18 330 231 16
PSP

PI253968 989 229 1231 308 12 212 257 13

PSP
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PI257244 1824 243 2051 274 21 506 266 18
PSP

PI257592 1659 233 3375 322 15 217 257 12
PSP

PI261623 1555 265 1044 353 20 358 296 18
PSP

PI261666 1279 230 3097  29.8 22 2719 224 17
PI261677 1447 259 26 6 248 296 10
PSP

PI263011 1830 216 3537 292 27 293 238 17
PI263014 2161 238 1101 313 15 336 255 19
PSP

PI263027 1851 239 1127 305 18 507 291 21
PSP

PI263030 1579 259 1868 316 20 130 16
PSP

PI263031 1863 230 1564 315 25 339 267 20
PSP

PI263032 2170 250 1585  30.7 21 331 299 22
PSP

PI266070 2071 250 2246 323 20 266 270 17
PSP

PI269543 2357 248 3325 290 22 264 270 16
PSP

PI269761 1893 325 1579 358 7 146 9
PSP

PI269762 2216  26.4 1564 344 9 334 294 11
PSP

PI269763 2668 262 2311 313 17 512 292 17
PI269771 2465 269 2923 329 13 291 308 11
PI269774 1258  27.4 885 330 9 237 251 11
PI269775 2241 259 2024 310 13 250 280 13
PI269776 1948 244 1480 313 15 486 289 16
PI269777 1893  28.8 448 340 9 242 313 12
PSP

PI269802 1501 266 2680 348 29 229 310 23
PSP

PI269804 1420 244 1735 282 16 340 238 16
PSP

PI269818 934 266 1482 338 10 188 254 8
PSP

PI269825 1965 232 1713 270 17 516 263 17

PSP
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PI 270536 2156  28.2 254 363 13 335 329 19
§|S§71035 1473 259 1801  30.9 29 352 268 22
EIS;71116 2219 286 234 349 13 480 325 19
Elsz71511 2727 243 2689 286 23 292 261 21
EIS;72148 2654 270 1859 325 19 456 284 16
Elsgmal 1933 270 2587 317 17 382 259 13
PI272171 2271 271 1733 317 16 442 302 16
§|S§72184 2049 268 181 341 9 237 290 9
EIS;72194 2057 254 2293 333 15 287 284 15
g?;72204 2945 273 2260 340 12 394 294 14
E?;72215 1942 255 1745 353 14 238 256 12
EIS;72216 2392 240 1307 334 9 193 289 11
Elszmls 2638 265 2012 335 15 371 287 15
EIS;73605 2357 278 1008 315 18 421 319 16
IEIS;73676 1594 270 2535 311 14 276 249 11
PI 274307 1807 290 1019 329 8 34 6
PSP

PI 274308 1379 288 1000 328 8 183 251 10
EIS;74584 2191 248 4029 286 21 412 256 16
Ef’zmm 1640 267 1123 348 19 431 310 21
EIS;77851 2189 248 2148 304 15 329 233 14
PI277852 2709 241 2610 292 17 235 265 13
Elsz79823 1573 253 4089  30.9 19 218 270 14
Efzsozsz 1991 239 1181 333 13 450 293 12
Elsgsoem 2107 240 1727 317 13 183 233 11
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PI280609 1585 250 383 367 9 217 288 5
PSP

PI280611 1456  26.1 2327 290 33 347 257 23
PSP

PI280613 1990 265 1112 336 13 330 300 15
PSP

PI280617 1269 249 2605 314 21 331 264 17
PSP

PI280619 2092 258 670 350 12 531 302 19
PSP

PI280621 2434 259 1948 304 14 222 249 11
PI285708 1566 259 2869  30.9 16 389 262 16
PI285710 2373 261 678 356 13 434 287 18
PSP

PI285718 1723 252 1695 321 15 237 299 14
PSP

PI285727 2460 260 3731 307 20 415 259 17
PSP

PI285739 1203 261 2633 321 26 373 257 23
PI286430 939 251 1216 296 12 53 9
PSP

PI286607 1802 255 2170 292 18 305 258 16
PSP

PI299023 1993 244 317 363 8 35 275 10
PI306590 1296 322 1916 337 7 174 257 1
PI306591 1722 270 17 9 364 296 12
PSP

PI307666 1806 268 56 /1 11 180 288 12
PSP

PI308796 1157 261 1709  30.0 26 218 283 17
PSP

PI311112 1780 239 3096 288 18 572 2716 14
PI314794 2115 248 1791 281 16 404 256 21
PSP

PI314800 2619 250 2954 316 16 106 261 13
PI314803 2582 259 1991 324 14 228 254 13
PI319374 2360 241 3321 278 22 600 265 21
PSP

PI320972 1265 258 3002 274 26 198 222 19
PSP

PI324695 2003 249 2276 343 13 233 259 13

PSP
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P1324697 2569 27.1 1598 342 13 419 30.3 14
PSP

P1324699 2278 25.0 246 346 10 274 27.2 12
P1324702 2278 26.2 97 335 11 221 28.9 11
PSP

P1324703 2360 217.6 2045 364 10 418 31.7 12
PSP

P1324706 1481 25.8 145 344 6 864 30.7 8
PSP

P1331413 1595 26.2 2763 315 19 349 29.2 15
PSP

P1331414 1898 24.8 987 336 16 191 28.8 13
PSP

P1340126 2807 241 2877 30.0 12 208 24.9 10
P1340128 1928 25.7 104 328 11 421 29.8 12
PSP

P1340130 2247 22.9 1217 316 13 372 25.6 12
PSP

P1343263 1582 251 779 332 13 255 26.9 9
Pl 343267 2038 29.5 2597 325 9 175 26.8 8
P1343268 1759 25.7 2311 318 14 199 25.8 13
P1343277 1637 25.7 1216 326 11 84 8
P1343278 902 31.5 637 314 7 48 6
P1343284 549 245 792 334 8 24 5
P1343286 614 24.7 751 323 6 50 5
P1343292 2434 26.7 167 349 10 319 29.9 10
PSP

P1343295 2250 26.8 2034 302 17 399 25.7 14
P1343296 728 24.8 575 323 8 30 4
P1343298 1642 22.9 1856 315 13 172 24.9 12
P1343312 1957 23.3 2483 27.2 18 246 21.7 16
P1343321 1588 25.6 3543 32.0 46 382 27.3 34
PSP

P1343331 2436 28.0 1668 346 25 206 29.3 18
PSP

P1343824 2538 23.1 2496 285 16 729 28.3 16
PSP

P1343936 2632 25.3 2979 305 16 330 28.0 14
P1343958 2056 25.0 2108 325 15 275 27.3 16
PSP

P1343987 1311 24.7 2547 314 22 357 25.0 18

PSP
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PI 344003 1866 251 2839 327 20 237 264 17
E|S§47281 2376 247 1461 280 16 349 262 14
E|5247290 2398 247 1671 294 14 366 255 13
PI347295 1989  23.6 2643 292 19 260 265 21
E|8247329 2052 227 2606 292 23 363 276 19
E|S§47337 2241 252 1783 298 15 250 248 13
PI347457 2260 251 2468 326 15 321 268 14
IEISg47477 2148 249 2899 316 15 35 270 12
E|S§47496 1692 263 2150 339 14 235 272 12
E|8256980 2032 283 2473 339 18 288 284 15
EI5256984 1566  26.1 1450 329 11 106 9

g?§56986 2314 262 1229 348 13 275 298 14
E?z56991 2156 265 2026 358 13 214 282 12
E|8256992 1507 258 1528 342 15 211 272 12
Elsgsssoo 1851 232 2602 323 12 263 269 11
E?§58620 2363 239 2556 298 18 359 262 16
gfzssess 1917 259 1498 322 15 260 286 14
Elsz71796 1246 237 2656 303 18 549 261 20
Elsg78157 1982 260 3639 317 30 335 276 20
EIS§81334 2909 258 3731 298 37 220 270 28
E|8293488 1692 262 134 357 8 208 283 11
IEIS§93489 1975 257 147 346 10 174 304 9

g?§93490 1765 257 41 10 399 287 13

PSP
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PI404225 1787 299 731 343 8 164 293 8
EISZOQOISl 2015 279 714 371 18 343 310 17
EI5213678 1041 250 2436 294 33 179 188 26
gIS213688 1136 253 2377 292 33 334 243 27
g?izgssg 1228 325 1612 312 9 258 264 11
IEISZZQ843 1899 264 1428 356 13 269 270 13
FP)I8229845 1739 240 3051 278 19 443 266 16
EI8229849 2222 269 156 375 9 269 292 11
IEISZ76409 2838 273 2600 328 16 247 289 15
EISZ76413 1984 239 2309 272 26 479 253 19
§|SZ77371 2345 220 2117 277 18 291 249 16
§ISZ86131 1488 233 3625 292 21 326 269 19
ElSZg4077 2173 243 646 330 16 305 266 18
ElSZgggsz 2260 247 2510 280 19 122 14
Elsg%oez 2068  27.8 1047  36.7 13 392 268 13
g?:ososo 1349 233 1418 305 15 512 260 17
Elsgomos 2265 242 504 344 13 166 266 12
glsgomzz 1871 250 260 370 6 57 9
PSP

PI505127 2168 258 2332 332 15 375 299 12
Elsgg4358 2131 231 3443 267 22 200 213 16
Elsglgom 2140 239 2934 295 26 319 241 18
Elsgssm 1987 234 5623 291 22 361 277 16

PSP
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PI639976 2070 226 1969 328 12 193 249 11
PSP

PI639977 1450 237 800 3B5 12 446 294 14
PSP

PI639978 2299 269 782 329 14 250 280 16
PSP

PI639979 1674 255 2189 320 16 578 304 14
PSP

PI639980 2332 221 2060 324 12 193 265 12
PSP

PI639981 2277 223 1930 335 12 265 272 12
PSP

W6 12723 1874 265 177 338 9 262 272 13
PSP

W6 12739 1685 265 659 354 20 282 301 19
PSP

W6 17293 984 319 839 348 7 66 9
PSP

W6 26157 2234 276 1440 362 22 342 304 21
PSP

W6 26160 2179 256 1973 345 17 202 318 18
PSP

W639762 1789  22.6 3747 268 22 415 225 16

PSP




150

APPENDIX B
TABLES OF GENOTYPING DATA OBSERVED FROM

SEQUENCING ANALY SIS



151

Table B1: Approximate GC content in the sample.

Sample Name % Dups % GC Length M Segs

Aragorn 36.41% 40.38% 68 0.7
DS Admiral 48.60% 38.60% 70.33 3.1
Hampton 34.80% 37.40% 70.5 4.6
ND Dawn 34.90% 38.30% 68.5 0.71
Pl 102887 44.30% 48% 65 0
P1 102888 PSP 91.30% 35% 73 11.1
Pl1 116844 61.30% 44% 74 8.2
P1 116944 PSP 5.20% 34% 68 0
Pl 117264 PSP 74.90% 33% 73 6.5
P1 118501 PSP 70.40% 32% 73 4
Pl 121352 PSP 33.60% 41% 67 0
Pl 123246 11.00% 38% 71 0
Pl 124478 PSP 87.80% 35% 73 4.2
Pl 137118 10.00% 29% 60 0
P1 142775 PSP 35.70% 41% 67 0
Pl 142777 79.30% 43% 73 1.7
P1 156720 PSP 8.80% 37% 65 0
Pl 163126 PSP 45.40% 36% 69 0.1
Pl 163127 72.20% 33% 73 4.6
P1 163129 PSP 76.50% 36% 73 4.6
Pl 164285 6.00% 36% 71 0
Pl 164396 43.60% 43% 61 0
Pl 164417 4.00% 40% 72 0
Pl 164548 PSP 6.10% 38% 72 0.1
Pl 164612 PSP 29.10% 40% 67 0
Pl 164614 2.90% 29% 62 0
Pl 164836 22.40% 38% 72 0.1
Pl 166142 19.70% 40% 68 0
P1 169603 PSP 4.60% 35% 71 0
P1 171810 PSP 61.60% 38% 70 0.5
P1 173930 91.00% 40% 73 12.3
P1174321 20.40% 40% 71 0
Pl 174925 16.50% 38% 73 2.6
P1 175231 PSP 54.90% 45% 73 0.1

P1 175232 3.30% 35% 71 0
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P1 179459 PSP 83.40% 42% 72 2.6
P1179722 PSP 91.30% 40% 73 24.4
P1184130 PSP 63.60% 38% 73 2.7
P1 184784 PSP 20.40% 37% 73 3.2
P1189171 21.80% 40% 69 0
P1 193578 PSP 82.60% 35% 73 4.4
P1 193586 9.70% 37% 72 0
P1 193588 81.70% 42% 73 2.3
P1 193836 18.60% 37% 73 3.4
P1194339 26.90% 37% 72 0
P1194349 10.90% 33% 66 0.1
P1195631 PSP 24.70% 36% 65 0.1
P1198074PSP 84.50% 38% 73 18.2
P1 201390 PSP 67.90% 47% 73 3.3
P1 203067 PSP 14.00% 35% 73 0
P1 203069 PSP 81.70% 39% 73 3.2
P1 209507 PSP 38.20% 47% 73 8.3
P1 210558 PSP 44.80% 46% 64 0
P1 210569 PSP 33.50% 42% 72 0
P1 220174 PSP 39.40% 44% 71 0
P1 221697 PSP 5.20% 34% 69 0
P1 222117 PSP 91.80% 46% 72 2.2
P1 240516 PSP 19.90% 38% 67 0
P1 242027 PSP 92.50% 39% 73 9.2
Pl 244121 PSP 32.60% 40% 57 0
P1 244129 47.80% 42% 64 0.1
P1 244191 PSP 35.50% 42% 68 0
Pl 244262 27.50% 42% 71 0
Pl 248181PSP 11.50% 36% 66 0
Pl 249644 93.80% 35% 73 21.7
P1 249646 24.70% 42% 69 0
P1 250438 PSP 13.40% 39% 70 0
P1 250440 PSP 72.80% 45% 73 1.1
P1 250447 PSP 16.70% 371% 70 0
P1 250448 PSP 88.20% 37% 73 18.7
P1 257244 PSP 23.00% 32% 70 0.1
P1 261666 91.70% 49% 73 17.9
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P1 261677 PSP 92.30% 35% 73 9.4
P1 263014 PSP 72.90% 33% 73 4.8
P1 263027 PSP 76.10% 42% 73 2.3
P1 263030 PSP 56.60% 40% 74 29.3
P1 263031 PSP 66.00% 46% 56 0.1
P1 263032 PSP 73.20% 39% 72 1.1
P1 266070 PSP 14.10% 33% 68 0
P1 269543 PSP 27.90% 44% 69 0
P1 269762 PSP 76.60% 37% 72 17.5
P1269771 87.00% 37% 73 23.2
P1 269774 86.70% 41% 73 2.9
P1 269802 PSP 88.70% 35% 73 21.3
P1 269804 PSP 85.70% 41% 73 15.3
P1 269818 PSP 9.80% 39% 73 0
P1 269825 PSP 7.30% 39% 68 0
P1 271035 PSP 5.90% 36% 67 0
P1271511 PSP 71.00% 39% 72 2
P1 272148 PSP 89.30% 34% 73 27.5
P1 272204 PSP 14.70% 37% 71 0
P1 273605 PSP 81.40% 35% 73 22.4
P1 274308 PSP 93.00% 43% 72 13.2
P1 274584 PSP 43.30% 44% 53 0
P1 275821 PSP 47.40% 41% 73 0
Pl 277851 89.70% 34% 73 4.1
P1 277852 PSP 3.50% 38% 73 0
P1 279823 PSP 91.30% 41% 73 234
P1 280611 PSP 39.10% 47% 69 0
P1 280617 PSP 24.10% 38% 69 0.1
P1 285708 17.20% 39% 71 0
P1 285710 PSP 3.10% 36% 71 0
P1 285727 PSP 12.20% 40% 72 0.1
P1 285739 9.60% 35% 69 0
P1 286607 PSP 12.50% 38% 69 0
P1 307666 PSP 90.70% 32% 73 154
P1 308796 PSP 11.00% 39% 73 0
P1311112 79.20% 43% 73 2.3
P1 314794 PSP 5.00% 35% 68 0
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P1314803 93.80% 48% 73 26.2
P1 319374 PSP 32.30% 40% 70 0.1
P1 320972 PSP 95.60% 38% 73 19.9
P1 331413 PSP 74.30% 35% 72 2.4

P1 343267 14.80% 35% 73 0

P1 343312 11.50% 39% 67 0.1
P1 343331 PSP 22.00% 35% 61 0.1
P1 343824 PSP 31.30% 38% 72 0.1
P1 343987 PSP 84.20% 35% 73 3.7
P1 347281 PSP 13.20% 39% 70 0

P1347290 17.90% 37% 74 3.3
P1 347295 PSP 71.70% 39% 73 3
P1 347329 PSP 78.80% 42% 73 2.4

P1 347337 96.10% 43% 73 20.7
P1 347496 PSP 92.00% 35% 73 24.2
P1 356991 PSP 88.60% 38% 73 25.3
P1 358620 PSP 73.80% 35% 73 3
P1 358633 PSP 29.90% 39% 72 0
P1371796 PSP 74.20% 33% 73 3.7
P1 381334 PSP 85.10% 37% 73 25.4
P1413678 PSP 79.60% 43% 73 2.1
P1 413688 PSP 80.00% 33% 73 10.2
P1 429843 PSP 90.70% 40% 73 13.5
P1 429845 PSP 73.10% 43% 72 0.7
P1 476413 PSP 14.60% 34% 71 0
P1 486131 PSP 92.80% 44% 71 10.9
P1494077 PSP 92.50% 41% 73 29.1
P1499982 PSP 3.70% 36% 72 0
P1 505080 PSP 60.50% 44% 70 0.4
P1594358 PSP 12.90% 40% 71 0
P1619079 PSP 77.60% 39% 73 4.3
P1 638516 PSP 14.60% 34% 70 0.1
P1639980 PSP 89.20% 40% 73 6.5
W6 39762 PSP 30.80% 40% 68 0
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Table B2: Total Alignment after STAR alignment.

Genotype Total Alignments  Successfully Aligned  Percentage Aligned
Aragorn 450449 51974 12
DS Admiral 2774331 400010 14
Hampton 5117705 622860 12
ND Dawn 453451 62567 14
P1 102887 24543 1408 6
P1 102888 PSP 11455947 1435790 13
P1 123246 9084 1435 16
P1137118 7244 950 13
P1 156720 PSP 6077 813 13
P1 163126 PSP 161384 28396 18
Pl 164285 2354 290 12
P1 164396 46393 9633 21
Pl 164612 PSP 30763 7388 24
Pl 164614 10512 1946 19
P1 164836 77539 19038 25
P1 173930 18735268 1609105 9
P1 174321 26131 3313 13
P1 175231 PSP 276719 19407 7
P1 179459 PSP 5234540 430462 8
P1 179722 PSP 25389808 3658260 14
P1194339 47887 7332 15
P1194349 66271 11331 17
P1 195631 PSP 59653 10429 17
P1198074 PSP 26884336 4128063 15
P1 203067 PSP 18971 3669 19
P1 210558 PSP 25702 3649 14
P1 210569 PSP 30581 2987 10
P1 220174 PSP 11407 1338 12
P1 222117 PSP 2007584 135263 7
P1 240516 PSP 16887 2816 17
P1 242027 PSP 7770434 1256773 16
Pl 244121 PSP 6781 1350 20
P1244129 73519 11445 16
P1 244191 PSP 39419 6990 18
Pl 244262 26047 3037 12
Pl 249646 19239 2630 14
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P1 250447 PSP 17410 2317 13
P1 250448 PSP 26067090 4327256 17
Pl 257244 PSP 73531 13053 18

P1 261666 24032647 1766725 7
P1 261677 PSP 9364669 1946082 21
P1 266070 PSP 43273 7417 17
P1 269543 PSP 10256 1342 13
P1 269762 PSP 22374453 2817662 13

P1 269771 23563148 6572695 28
P1 269802 PSP 22968322 6518964 28
P1 269804 PSP 10948162 906117 8
P1 269818 PSP 15934 1805 11
P1 272148 PSP 29371874 7198153 25
P1 272204 PSP 7414 1091 15
P1 273605 PSP 23921402 6666380 28
P1 274308 PSP 17191454 1570687 9
P1 274584 PSP 14813 1841 12
P1 275821 PSP 8428 1892 22
P1 280611 PSP 12320 1400 11
P1 280617 PSP 83821 17662 21

P1 285708 8370 1307 16

P1 285739 13747 2075 15
P1 286607 PSP 45242 5072 11
P1 307666 PSP 18923598 2874763 15

P1 314803 56676605 2446719 4
P1 319374 PSP 129749 18636 14

P1 343267 44484 11987 27
P1 343331 PSP 57525 8348 15
P1 343824 PSP 82466 11667 14
P1 347496 PSP 27063505 6085598 22
P1 356991 PSP 28098728 8675410 31
P1 358633 PSP 61562 7142 12
P1 381334 PSP 32663586 6579087 20
P1 429843 PSP 22554088 2534995 11
P1476413 PSP 49157 9636 20
P1 486131 PSP 19081940 973061 5
P1 505080 PSP 701293 165620 24
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P1 639980 PSP 5999060 930627 16
P1116844 2905038 54794 2
P1116944PSP 4923 604 12
P1117264PSP 7204330 924894 13
P1118501PSP 3806362 258566 7
P1121352PSP 12926 1986 15
P1124478PSP 4221020 734136 17
P1142775PSP 13095 2152 21
P1142777 777091 108218 14
P1163127 4525040 441409 10
P1163129PSP 3712335 478411 13
P1164417 12372 1143 9
P1164548PSP 15612 1072 7
P1166142 25032 3053 12
P1169603PSP 5922 825 14
P1171810PSP 621326 134406 22
P1174925 297390 16791 6
P1175232 3303 316 10
P1184130PSP 1727594 174923 10
P1184784PSP 737083 10344 1
P1189171 7823 733 9
P1193578PSP 4804893 815547 17
P1193586 31762 3970 12
P1193588 1480090 244716 17
P1193836 677738 35347 5
P1201390PSP 299425 48657 16
P1203069PSP 1728869 173467 10
P1209507PSP 2392728 33756 1
P1221697PSP 14130 1639 12
P1248181PSP 20772 2173 10
P1249644 25357263 3428174 14
P1250438PSP 10203 1859 18
P1250440PSP 302577 28226 1
P1263014PSP 5011365 592934 12
P1263027PSP 937521 51289 5
P1263030PSP 8048385 257178 3
P1263031PSP 11460 1497 13
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P1263032PSP 764084 97348 13
P1269774 2153230 378340 18
P1269825PSP 2350 254 11
P1271035PSP 18964 1933 10
P1271511PSP 1087150 88163 8
P1277851 4514782 775845 17
P1277852PSP 15186 1440 9
P1279823PSP 10596711 856144 8
P1285710PSP 6073 749 12
P1285727PSP 36831 2539 7
P1308796PSP 27436 3445 13
P1311112 799311 79549 10
P1314794PSP 5457 677 12
P1320972PSP 28758849 5367516 19
P1331413PSP 1958528 227322 12
P1343312 41528 5486 13
P1343987PSP 3630715 618059 17
P1347281PSP 15171 1802 12
P1347290 669248 11952 2
P1347295PSP 1679442 134776 8
P1347329PSP 1077103 121859 11
P1347337 40655756 4195023 10
P1358620PSP 3352997 594714 18
P1371796PSP 3840666 409938 11
P1413678PSP 688913 69544 10
P1413688PSP 10346534 1772873 17
P1429845PSP 262450 15942 6
P1494077PSP 17955536 889942 5
P1499982PSP 9966 1270 13
P1594358PSP 3937 327 8
P1619079PSP 2768298 462858 17
P1638516PSP 73744 9943 13
W6 39762 PSP 30846 4401 14
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Table B3. Pathways governed by significantly upregulated gene comparing DS Admiral.

Locus ID

Gene Id

Pathways and function

KIW84_045181

LOC127075919

(+)-neomenthol dehydrogenase-like

KIW84_064470

LOC127098608

60S ribosomal protein L19-3

KIW84_076895

LOC127107197

60S ribosomal protein L7-4

KIW84_042368

LOC127074273

BOl-related E3 ubiquitin-protein ligase 1-like

KIW84_051818

LOC127078754

calnexin homolog

KIW84_058386

LOC127087638

CBL-interacting serine/threonine-protein
Kinase 5-like

KIW84_041934

LOC127073992

cytochrome P450 736A117-like

KIW84_050139

LOC127087227

dehydrin ERD14-like

KIW84_020931

LOC127118070

dormancy-associated protein 2

KIW84_072678

LOC127108308

heat shock 70 kDa protein, mitochondrial

KIW84_040949

LOC127073281

lipoamide acyltransferase component of
branched-chain alpha-keto acid dehydrogenase
complex, mitochondrial

KIW84_063699

LOC127098642

low affinity inorganic phosphate transporter 1-
like

KIW84_030339

LOC127132243

probable aldo-keto reductase 1

KIW84_056792

LOC127086320

probable bifunctional methylthioribulose-1-
phosphate dehydratase/enolase-phosphatase
El

KIW84_022279

LOC127118786

probable histone H2B.1

KIW84_040979

LOC127073308

probable xyloglucan galactosyltransferase
GT19

KIW84_062982

LOC127096413

RNA demethylase ALKBH10B

KIW84_020727

LOC127117938

T-complex protein 1 subunit eta

KIW84_023609

LOC127119553

UDP-galactose/UDP-glucose transporter 3

KIW84_013194

LOC127131159

uncharacterized

KIW84_015404

LOC127081784

uncharacterized

KIW84_040239

LOC127138412

uncharacterized

KIW84_040934

LOC127073265

uncharacterized

KIW84_042039

LOC127074057

uncharacterized

KIW84_042210

LOC127074174

uncharacterized

KIW84_050728

LOC127084599

uncharacterized

KIW84_070340

LOC127101504

uncharacterized

KIW84_014653

LOC127075730

xylulose 5-phosphate/phosphate translocator,
chloroplastic

KIW84_057614

LOC127086979

14-3-3-like protein B

KIW84_050386

LOC127080283

24-methylenesterol C-methyltransferase 2



https://www.ncbi.nlm.nih.gov/gene/127098608
https://www.ncbi.nlm.nih.gov/gene/127107197
https://www.ncbi.nlm.nih.gov/gene/127074273
https://www.ncbi.nlm.nih.gov/gene/127074273
https://www.ncbi.nlm.nih.gov/gene/127078754
https://www.ncbi.nlm.nih.gov/gene/127078754
https://www.ncbi.nlm.nih.gov/gene/127087638
https://www.ncbi.nlm.nih.gov/gene/127073992
https://www.ncbi.nlm.nih.gov/gene/127073992
https://www.ncbi.nlm.nih.gov/gene/127087227
https://www.ncbi.nlm.nih.gov/gene/127087227
https://www.ncbi.nlm.nih.gov/gene/127118070
https://www.ncbi.nlm.nih.gov/gene/127118070
https://www.ncbi.nlm.nih.gov/gene/127108308
https://www.ncbi.nlm.nih.gov/gene/127073281
https://www.ncbi.nlm.nih.gov/gene/127073281
https://www.ncbi.nlm.nih.gov/gene/127073281
https://www.ncbi.nlm.nih.gov/gene/127073281
https://www.ncbi.nlm.nih.gov/gene/127098642
https://www.ncbi.nlm.nih.gov/gene/127132243
https://www.ncbi.nlm.nih.gov/gene/127132243
https://www.ncbi.nlm.nih.gov/gene/127086320
https://www.ncbi.nlm.nih.gov/gene/127086320
https://www.ncbi.nlm.nih.gov/gene/127086320
https://www.ncbi.nlm.nih.gov/gene/127086320
https://www.ncbi.nlm.nih.gov/gene/127086320
https://www.ncbi.nlm.nih.gov/gene/127118786
https://www.ncbi.nlm.nih.gov/gene/127118786
https://www.ncbi.nlm.nih.gov/gene/127073308
https://www.ncbi.nlm.nih.gov/gene/127073308
https://www.ncbi.nlm.nih.gov/gene/127073308
https://www.ncbi.nlm.nih.gov/gene/127096413
https://www.ncbi.nlm.nih.gov/gene/127096413
https://www.ncbi.nlm.nih.gov/gene/127117938
https://www.ncbi.nlm.nih.gov/gene/127117938
https://www.ncbi.nlm.nih.gov/gene/127119553
https://www.ncbi.nlm.nih.gov/gene/127119553
https://www.ncbi.nlm.nih.gov/gene/127131159
https://www.ncbi.nlm.nih.gov/gene/127081784
https://www.ncbi.nlm.nih.gov/gene/127138412
https://www.ncbi.nlm.nih.gov/gene/127073265
https://www.ncbi.nlm.nih.gov/gene/127074057
https://www.ncbi.nlm.nih.gov/gene/127074174
https://www.ncbi.nlm.nih.gov/gene/127084599
https://www.ncbi.nlm.nih.gov/gene/127101504
https://www.ncbi.nlm.nih.gov/gene/127075730
https://www.ncbi.nlm.nih.gov/gene/127075730
https://www.ncbi.nlm.nih.gov/gene/127075730
https://www.ncbi.nlm.nih.gov/gene/127086979
https://www.ncbi.nlm.nih.gov/gene/127086979
https://www.ncbi.nlm.nih.gov/gene/127080283
https://www.ncbi.nlm.nih.gov/gene/127080283
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KIW84_070205

LOC127107258

26S proteasome non-ATPase regulatory
subunit 1 homolog A-like

KIW84_071340

LOC127108014

26S proteasome non-ATPase regulatory
subunit 12 homolog A-like

KIW84_073756

LOC127101247

26S proteasome non-ATPase regulatory
subunit 2 homolog A

KIW84_061794

LOC127095432

26S proteasome regulatory subunit 4 homolog
A-like

KIW84_046223

LOC127076634

2-alkenal reductase (NADP(+)-dependent)-
like

KIW84_052630

LOC127082832

30S ribosomal protein S3, chloroplastic-like

KIW84_070690

LOC127107478

30S ribosomal protein S6 alpha, chloroplastic

KIW84_076435

LOC127107546

3-phosphoshikimate 1-carboxyvinyltransferase
2

KIW84_010966

LOC127115516

40S ribosomal protein S7-1-like

KIW84_011020

LOC127115893

40S ribosomal protein S7-1-like

KIW84_046117

LOC127076545

40S ribosomal protein S8

KIW84_044989

LOC127075788

4-hydroxy-tetrahydrodipicolinate synthase,
chloroplastic-like

KIW84_054175

LOC127084345

50S ribosomal protein L17, chloroplastic

KIW84_040306

LOC127138467

50S ribosomal protein L35, chloroplastic

KIW84_062186

LOC127092725

60S acidic ribosomal protein P2-4-like

KIW84_071542

LOC127107411

60S acidic ribosomal protein P3-like

KIW84_053779

LOC127083983

60S ribosomal protein L10a-1

KIW84_020460

LOC127117773

60S ribosomal protein L18a

KIW84_057810

LOC127087131

60S ribosomal protein L23a

KIW84_040885

LOC127073214

60S ribosomal protein L29-1-like

KIW84_065169

LOC127097457

60S ribosomal protein L3

KIW84_035974

LOC127128542

60S ribosomal protein L34

KIW84_023531

LOC127119521

60S ribosomal protein L34-like

KIW84_043991

LOC127075264

60S ribosomal protein L34-like

KIW84_072249

LOC127107909

60S ribosomal protein L35a-1-like

KIW84_013601

LOC127134673

AAA-ATPase At4g25835-like

KIW84_071249

LOC127100955

ABC transporter G family member 5-like

KIW84_050929

LOC127085789

acetylglutamate kinase, chloroplastic

KIW84_040820

LOC127073155

acidic leucine-rich nuclear phosphoprotein 32-
related protein 1-like

KIW84_052966

LOC127083178

adenosylhomocysteinase

KIW84_055128

LOC127085032

agamous-like MADS-box protein MADS1

KIW84_076619

LOC127101229

aldehyde oxidase GLOX



https://www.ncbi.nlm.nih.gov/gene/127107258
https://www.ncbi.nlm.nih.gov/gene/127108014
https://www.ncbi.nlm.nih.gov/gene/127101247
https://www.ncbi.nlm.nih.gov/gene/127095432
https://www.ncbi.nlm.nih.gov/gene/127076634
https://www.ncbi.nlm.nih.gov/gene/127076634
https://www.ncbi.nlm.nih.gov/gene/127076634
https://www.ncbi.nlm.nih.gov/gene/127082832
https://www.ncbi.nlm.nih.gov/gene/127082832
https://www.ncbi.nlm.nih.gov/gene/127107478
https://www.ncbi.nlm.nih.gov/gene/127107546
https://www.ncbi.nlm.nih.gov/gene/127115516
https://www.ncbi.nlm.nih.gov/gene/127115516
https://www.ncbi.nlm.nih.gov/gene/127115893
https://www.ncbi.nlm.nih.gov/gene/127115893
https://www.ncbi.nlm.nih.gov/gene/127076545
https://www.ncbi.nlm.nih.gov/gene/127076545
https://www.ncbi.nlm.nih.gov/gene/127075788
https://www.ncbi.nlm.nih.gov/gene/127075788
https://www.ncbi.nlm.nih.gov/gene/127075788
https://www.ncbi.nlm.nih.gov/gene/127084345
https://www.ncbi.nlm.nih.gov/gene/127084345
https://www.ncbi.nlm.nih.gov/gene/127138467
https://www.ncbi.nlm.nih.gov/gene/127138467
https://www.ncbi.nlm.nih.gov/gene/127092725
https://www.ncbi.nlm.nih.gov/gene/127107411
https://www.ncbi.nlm.nih.gov/gene/127083983
https://www.ncbi.nlm.nih.gov/gene/127083983
https://www.ncbi.nlm.nih.gov/gene/127117773
https://www.ncbi.nlm.nih.gov/gene/127117773
https://www.ncbi.nlm.nih.gov/gene/127087131
https://www.ncbi.nlm.nih.gov/gene/127087131
https://www.ncbi.nlm.nih.gov/gene/127073214
https://www.ncbi.nlm.nih.gov/gene/127073214
https://www.ncbi.nlm.nih.gov/gene/127097457
https://www.ncbi.nlm.nih.gov/gene/127128542
https://www.ncbi.nlm.nih.gov/gene/127128542
https://www.ncbi.nlm.nih.gov/gene/127119521
https://www.ncbi.nlm.nih.gov/gene/127119521
https://www.ncbi.nlm.nih.gov/gene/127075264
https://www.ncbi.nlm.nih.gov/gene/127075264
https://www.ncbi.nlm.nih.gov/gene/127107909
https://www.ncbi.nlm.nih.gov/gene/127134673
https://www.ncbi.nlm.nih.gov/gene/127134673
https://www.ncbi.nlm.nih.gov/gene/127100955
https://www.ncbi.nlm.nih.gov/gene/127085789
https://www.ncbi.nlm.nih.gov/gene/127085789
https://www.ncbi.nlm.nih.gov/gene/127073155
https://www.ncbi.nlm.nih.gov/gene/127073155
https://www.ncbi.nlm.nih.gov/gene/127073155
https://www.ncbi.nlm.nih.gov/gene/127083178
https://www.ncbi.nlm.nih.gov/gene/127083178
https://www.ncbi.nlm.nih.gov/gene/127085032
https://www.ncbi.nlm.nih.gov/gene/127085032
https://www.ncbi.nlm.nih.gov/gene/127101229
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KIW84_066016

LOC127098319

alpha,alpha-trehalose-phosphate synthase
[UDP-forming] 5-like

KIW84_043385

LOC127074925

alpha-glucan water dikinase, chloroplastic

KIW84_011013

LOC127115841

aluminum-activated malate transporter 9-like

KIW84_050670

LOC127084052

amino acid permease 1-like

KIW84_051242

LOC127087901

aminopeptidase M1-like

KIW84_071456

LOC127108128

annexin D2

KIW84_044884

LOC127075723

annexin-like protein RJ4

KIW84_043132

LOC127074754

anthocyanidin 3-O-glucosyltransferase 5-like

KIW84_050510

LOC127083298

AP-4 complex subunit mu-like

KIW84_073065

LOC127100521

apoptosis inhibitor 5-like protein API5

KIW84_064962

LOC127094472

aquaporin PIP2-3-like

KIW84_060753

LOC127098047

aspartate aminotransferase P2, mitochondrial

KIW84_021494

LOC127118373

aspartic proteinase PCS1-like

KIW84_040157

LOC127138347

aspartic proteinase-like

KIW84_054880

LOC127084858

aspartyl protease family protein At5g10770-
like

KIW84_023126

LOC127119289

ATP-citrate synthase alpha chain protein 1

KIW84_014433

LOC127074180

ATP-citrate synthase beta chain protein 1

KIW84_064407

LOC127097811

ATP-dependent Clp protease proteolytic
subunit 5, chloroplastic

KIW84_021138

LOC127118184

auxin transporter-like protein 1

KIW84_012720

LOC127128445

BAHD acyltransferase DCR

KIW84_014552

LOC127074992

berberine bridge enzyme-like 21

KIW84_065309

LOC127091743

beta-carotene hydroxylase 2, chloroplastic-like

KIW84_073399

LOC127106139

BOl-related E3 ubiquitin-protein ligase 1-like

KIW84_073245

LOC127106290

caffeoyl-CoA O-methyltransferase

KIW84_071061

LOC127108062

calcium-dependent protein kinase SK5

KIW84_031771

LOC127125877

calcium-transporting ATPase 4, endoplasmic
reticulum-type-like

KIW84_042546

LOC127074381

casein kinase Il subunit alpha-2

KIW84_031823

LOC127125913

cation/H(+) antiporter 20

KIW84_044131

LOC127075340

cationic amino acid transporter 8, vacuolar-
like

KIW84_071215

LOC127107041

CBS domain-containing protein CBSCBSPB3-
like

KIW84_061976

LOC127097378

cell division control protein 48 homolog E

KIW84_030290

LOC127132209

cell division cycle 5-like protein

KIW84_031612

LOC127125794

cell division cycle protein 48 homolog

KIW84_055809

LOC127085590

cellulose synthase A catalytic subunit 3 [UDP-
forming]-like



https://www.ncbi.nlm.nih.gov/gene/127098319
https://www.ncbi.nlm.nih.gov/gene/127074925
https://www.ncbi.nlm.nih.gov/gene/127074925
https://www.ncbi.nlm.nih.gov/gene/127115841
https://www.ncbi.nlm.nih.gov/gene/127084052
https://www.ncbi.nlm.nih.gov/gene/127084052
https://www.ncbi.nlm.nih.gov/gene/127087901
https://www.ncbi.nlm.nih.gov/gene/127087901
https://www.ncbi.nlm.nih.gov/gene/127108128
https://www.ncbi.nlm.nih.gov/gene/127075723
https://www.ncbi.nlm.nih.gov/gene/127075723
https://www.ncbi.nlm.nih.gov/gene/127074754
https://www.ncbi.nlm.nih.gov/gene/127074754
https://www.ncbi.nlm.nih.gov/gene/127083298
https://www.ncbi.nlm.nih.gov/gene/127083298
https://www.ncbi.nlm.nih.gov/gene/127100521
https://www.ncbi.nlm.nih.gov/gene/127094472
https://www.ncbi.nlm.nih.gov/gene/127098047
https://www.ncbi.nlm.nih.gov/gene/127118373
https://www.ncbi.nlm.nih.gov/gene/127118373
https://www.ncbi.nlm.nih.gov/gene/127138347
https://www.ncbi.nlm.nih.gov/gene/127138347
https://www.ncbi.nlm.nih.gov/gene/127084858
https://www.ncbi.nlm.nih.gov/gene/127084858
https://www.ncbi.nlm.nih.gov/gene/127084858
https://www.ncbi.nlm.nih.gov/gene/127119289
https://www.ncbi.nlm.nih.gov/gene/127119289
https://www.ncbi.nlm.nih.gov/gene/127074180
https://www.ncbi.nlm.nih.gov/gene/127074180
https://www.ncbi.nlm.nih.gov/gene/127097811
https://www.ncbi.nlm.nih.gov/gene/127118184
https://www.ncbi.nlm.nih.gov/gene/127118184
https://www.ncbi.nlm.nih.gov/gene/127128445
https://www.ncbi.nlm.nih.gov/gene/127128445
https://www.ncbi.nlm.nih.gov/gene/127074992
https://www.ncbi.nlm.nih.gov/gene/127074992
https://www.ncbi.nlm.nih.gov/gene/127091743
https://www.ncbi.nlm.nih.gov/gene/127106139
https://www.ncbi.nlm.nih.gov/gene/127106290
https://www.ncbi.nlm.nih.gov/gene/127108062
https://www.ncbi.nlm.nih.gov/gene/127125877
https://www.ncbi.nlm.nih.gov/gene/127125877
https://www.ncbi.nlm.nih.gov/gene/127125877
https://www.ncbi.nlm.nih.gov/gene/127074381
https://www.ncbi.nlm.nih.gov/gene/127074381
https://www.ncbi.nlm.nih.gov/gene/127125913
https://www.ncbi.nlm.nih.gov/gene/127125913
https://www.ncbi.nlm.nih.gov/gene/127075340
https://www.ncbi.nlm.nih.gov/gene/127075340
https://www.ncbi.nlm.nih.gov/gene/127075340
https://www.ncbi.nlm.nih.gov/gene/127107041
https://www.ncbi.nlm.nih.gov/gene/127097378
https://www.ncbi.nlm.nih.gov/gene/127132209
https://www.ncbi.nlm.nih.gov/gene/127132209
https://www.ncbi.nlm.nih.gov/gene/127125794
https://www.ncbi.nlm.nih.gov/gene/127125794
https://www.ncbi.nlm.nih.gov/gene/127085590
https://www.ncbi.nlm.nih.gov/gene/127085590
https://www.ncbi.nlm.nih.gov/gene/127085590
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KIW84_071329

LOC127106244

cellulose synthase A catalytic subunit 6 [UDP-
forming]-like

KIW84_064628

LOC127091160

chaperonin CPN60-2, mitochondrial

KIW84_064624

LOC127091156

chaperonin CPN60-2, mitochondrial-like

KIW84_072344

LOC127107011

chlorophyll a-b binding protein AB80,
chloroplastic-like

KIW84_030679

LOC127132475

chloroplast stem-loop binding protein of 41
kDa b, chloroplastic

KIW84_064972

LOC127098643

chorismate synthase, chloroplastic

KIW84_058374

LOC127087627

cinnamoyl-CoA reductase 1-like

KIW84_072924

LOC127108342

clathrin light chain 1-like

KIW84_044763

LOC127075648

cysteine proteinase inhibitor 6-like

KIW84_066052

LOC127098540

cysteine--tRNA ligase 2, cytoplasmic

KIW84_015636

LOC127083728

cytochrome P450 89A2-like

KIW84_074472

LOC127103062

cytochrome P450 94C1-like

KIW84_020109

LOC127117529

cytosolic enolase 3

KIW84_062095

LOC127098477

DEAD-box ATP-dependent RNA helicase 38

KIW84_040796

LOC127138802

dihydrolipoyl dehydrogenase, mitochondrial

KIW84_010769

LOC127102535

dihydropyrimidine dehydrogenase (NADP(+)),
chloroplastic

KIW84_054070

LOC127084262

DNA-(apurinic or apyrimidinic site)
endonuclease

KIW84_044260

Protein sequence

DNA-directed RNA polymerase subunit beta’

KIW84_044906

Protein
Sequence

DNA-directed RNA polymerase subunit beta’

KIW84_054846

LOC127080781

DNA-directed RNA polymerase subunit beta-
like

KIW84_030927

LOC127132627

dnaJ protein ERDJ3B

KIW84_015449

LOC127082185

E3 ubiquitin-protein ligase RMA1H1-like

KIW84_060719

LOC127098172

early nodulin-like protein 1

KIW84_012118

LOC127123555

elongation factor 1-alpha

KIW84_066002

LOC127098306

elongator complex protein 2

KIW84_043875

LOC127075205

endoglucanase 5-like

KIW84_031434

LOC127125694

enolase

KIW84_070607

LOC127108450

ethanolamine-phosphate cytidylyltransferase-
like

KIW84_014325

LOC127073438

ethylene-responsive transcription factor RAP2-
3-like

KIW84_058030

LOC127087319

eukaryotic initiation factor 4A-10-like

KIW84_014160

LOC127137876

eukaryotic initiation factor 4A-3



https://www.ncbi.nlm.nih.gov/gene/127106244
https://www.ncbi.nlm.nih.gov/gene/127091160
https://www.ncbi.nlm.nih.gov/gene/127091156
https://www.ncbi.nlm.nih.gov/gene/127107011
https://www.ncbi.nlm.nih.gov/gene/127132475
https://www.ncbi.nlm.nih.gov/gene/127132475
https://www.ncbi.nlm.nih.gov/gene/127132475
https://www.ncbi.nlm.nih.gov/gene/127098643
https://www.ncbi.nlm.nih.gov/gene/127087627
https://www.ncbi.nlm.nih.gov/gene/127108342
https://www.ncbi.nlm.nih.gov/gene/127075648
https://www.ncbi.nlm.nih.gov/gene/127075648
https://www.ncbi.nlm.nih.gov/gene/127098540
https://www.ncbi.nlm.nih.gov/gene/127083728
https://www.ncbi.nlm.nih.gov/gene/127083728
https://www.ncbi.nlm.nih.gov/gene/127103062
https://www.ncbi.nlm.nih.gov/gene/127117529
https://www.ncbi.nlm.nih.gov/gene/127117529
https://www.ncbi.nlm.nih.gov/gene/127098477
https://www.ncbi.nlm.nih.gov/gene/127138802
https://www.ncbi.nlm.nih.gov/gene/127138802
https://www.ncbi.nlm.nih.gov/gene/127102535
https://www.ncbi.nlm.nih.gov/gene/127102535
https://www.ncbi.nlm.nih.gov/gene/127102535
https://www.ncbi.nlm.nih.gov/gene/127084262
https://www.ncbi.nlm.nih.gov/gene/127084262
https://www.ncbi.nlm.nih.gov/protein/KAI5420401.1/
https://www.ncbi.nlm.nih.gov/protein/KAI5421247.1/
https://www.ncbi.nlm.nih.gov/gene/127080781
https://www.ncbi.nlm.nih.gov/gene/127080781
https://www.ncbi.nlm.nih.gov/gene/127080781
https://www.ncbi.nlm.nih.gov/gene/127132627
https://www.ncbi.nlm.nih.gov/gene/127132627
https://www.ncbi.nlm.nih.gov/gene/127082185
https://www.ncbi.nlm.nih.gov/gene/127082185
https://www.ncbi.nlm.nih.gov/gene/127098172
https://www.ncbi.nlm.nih.gov/gene/127123555
https://www.ncbi.nlm.nih.gov/gene/127098306
https://www.ncbi.nlm.nih.gov/gene/127075205
https://www.ncbi.nlm.nih.gov/gene/127075205
https://www.ncbi.nlm.nih.gov/gene/127125694
https://www.ncbi.nlm.nih.gov/gene/127125694
https://www.ncbi.nlm.nih.gov/gene/127108450
https://www.ncbi.nlm.nih.gov/gene/127073438
https://www.ncbi.nlm.nih.gov/gene/127073438
https://www.ncbi.nlm.nih.gov/gene/127073438
https://www.ncbi.nlm.nih.gov/gene/127087319
https://www.ncbi.nlm.nih.gov/gene/127137876
https://www.ncbi.nlm.nih.gov/gene/127137876
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KIW84_033053

LOC127126699

eukaryotic peptide chain release factor subunit
1-3

KIW84_010017

LOC127131288

eukaryotic translation initiation factor 1

KIW84_045381

LOC127076022

eukaryotic translation initiation factor 1A-like

KIW84_011394

LOC127119167

eukaryotic translation initiation factor 3 subunit
I-like

KIW84_071540

LOC127108351

eukaryotic translation initiation factor 4B2-
like

KIW84_060189

LOC127096666

FACT complex subunit SSRP1

KIW84_054729

LOC127084729

fasciclin-like arabinogalactan protein 1

KIW84_015220

LOC127080501

fasciclin-like arabinogalactan protein 12

KIW84_051937

LOC127079124

F-box protein At5g39450

KIW84_024484

LOC127120149

FK506-binding protein 3-like

KIW84_053714

LOC127083930

formin-like protein 5

KIW84_015665

LOC127084034

gamma-glutamyl peptidase 5-like

KIW84_076764

LOC127107724

gamma-interferon-responsive lysosomal thiol
protein-like

KIW84_064818

LOC127092903

GDSL esterase/lipase At5g03610-like

KIW84_051608

LOC127079194

geranylgeranyl transferase type-2 subunit alpha
1-like

KIW84_015593

LOC127083293

GLABROUS1 enhancer-binding protein-like

KIW84_032999

LOC127126657

glucan endo-1,3-beta-glucosidase 8-like

KIW84_053106

LOC127083343

glucose-1-phosphate adenylyltransferase small
subunit 2, chloroplastic

KIW84_052836

LOC127083068

glyceraldehyde-3-phosphate dehydrogenase,
cytosolic

KIW84_075021

LOC127100868

GPCR-type G protein 2

KIW84_012077

LOC127115550

GPl-anchored protein LLG1-like

KIW84_045576

LOC127076145

granule-bound starch synthase 1,
chloroplastic/amyloplastic-like

KIW84_050993

LOC127086760

GTP-binding nuclear protein Ran/TC4-like

KIW84_058198

LOC127087477

guanine nucleotide-binding protein-like NSN1

KIW84_053096

Hypothetical protein

KIW84_054841

Hypothetical protein

KIW84_041514

LOC127073683

H/ACA ribonucleoprotein complex subunit 2-
like protein

KIW84_035583

LOC127128268

heat shock 70 kDa protein 4

KIW84_035581

LOC127128267

heat shock 70 kDa protein 4-like

KIW84_015644

LOC127083837

heat shock 70 kDa protein, mitochondrial

KIW84_035577

LOC127128264

heat shock cognate 70 kDa protein 2-like

KIW84_020137

LOC127117557

heat shock cognate protein 80-like



https://www.ncbi.nlm.nih.gov/gene/127126699
https://www.ncbi.nlm.nih.gov/gene/127126699
https://www.ncbi.nlm.nih.gov/gene/127126699
https://www.ncbi.nlm.nih.gov/gene/127076022
https://www.ncbi.nlm.nih.gov/gene/127076022
https://www.ncbi.nlm.nih.gov/gene/127119167
https://www.ncbi.nlm.nih.gov/gene/127119167
https://www.ncbi.nlm.nih.gov/gene/127119167
https://www.ncbi.nlm.nih.gov/gene/127108351
https://www.ncbi.nlm.nih.gov/gene/127084729
https://www.ncbi.nlm.nih.gov/gene/127084729
https://www.ncbi.nlm.nih.gov/gene/127080501
https://www.ncbi.nlm.nih.gov/gene/127080501
https://www.ncbi.nlm.nih.gov/gene/127079124
https://www.ncbi.nlm.nih.gov/gene/127079124
https://www.ncbi.nlm.nih.gov/gene/127120149
https://www.ncbi.nlm.nih.gov/gene/127120149
https://www.ncbi.nlm.nih.gov/gene/127083930
https://www.ncbi.nlm.nih.gov/gene/127083930
https://www.ncbi.nlm.nih.gov/gene/127084034
https://www.ncbi.nlm.nih.gov/gene/127084034
https://www.ncbi.nlm.nih.gov/gene/127107724
https://www.ncbi.nlm.nih.gov/gene/127092903
https://www.ncbi.nlm.nih.gov/gene/127079194
https://www.ncbi.nlm.nih.gov/gene/127079194
https://www.ncbi.nlm.nih.gov/gene/127079194
https://www.ncbi.nlm.nih.gov/gene/127083293
https://www.ncbi.nlm.nih.gov/gene/127083293
https://www.ncbi.nlm.nih.gov/gene/127126657
https://www.ncbi.nlm.nih.gov/gene/127126657
https://www.ncbi.nlm.nih.gov/gene/127083343
https://www.ncbi.nlm.nih.gov/gene/127083343
https://www.ncbi.nlm.nih.gov/gene/127083343
https://www.ncbi.nlm.nih.gov/gene/127083068
https://www.ncbi.nlm.nih.gov/gene/127083068
https://www.ncbi.nlm.nih.gov/gene/127083068
https://www.ncbi.nlm.nih.gov/gene/127100868
https://www.ncbi.nlm.nih.gov/gene/127115550
https://www.ncbi.nlm.nih.gov/gene/127115550
https://www.ncbi.nlm.nih.gov/gene/127076145
https://www.ncbi.nlm.nih.gov/gene/127076145
https://www.ncbi.nlm.nih.gov/gene/127076145
https://www.ncbi.nlm.nih.gov/gene/127086760
https://www.ncbi.nlm.nih.gov/gene/127086760
https://www.ncbi.nlm.nih.gov/gene/127087477
https://www.ncbi.nlm.nih.gov/gene/127073683
https://www.ncbi.nlm.nih.gov/gene/127073683
https://www.ncbi.nlm.nih.gov/gene/127073683
https://www.ncbi.nlm.nih.gov/gene/127128268
https://www.ncbi.nlm.nih.gov/gene/127128268
https://www.ncbi.nlm.nih.gov/gene/127128267
https://www.ncbi.nlm.nih.gov/gene/127128267
https://www.ncbi.nlm.nih.gov/gene/127083837
https://www.ncbi.nlm.nih.gov/gene/127083837
https://www.ncbi.nlm.nih.gov/gene/127128264
https://www.ncbi.nlm.nih.gov/gene/127128264
https://www.ncbi.nlm.nih.gov/gene/127117557
https://www.ncbi.nlm.nih.gov/gene/127117557
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KIW84_054678

LOC127084699

heat shock protein 90-2

KIW84_075306

LOC127106089

heavy metal-associated isoprenylated plant

protein 39-like

KIW84_030069

LOC127132070

heterogeneous nuclear ribonucleoprotein Q

KIW84_024325

LOC127119987

high mobility group B protein 2-like

KIW84_057829

LOC127087147

histone H2A.1-like

KIW84_030439

LOC127132320

histone H2AX-like

KIW84_031838

LOC127125921

histone H4

KIW84_040429

LOC127138569

histone H4

KIW84_065904

LOC127092249

histone H4

KIW84_043169

LOC127074779

HMG1/2-like protein

KIW84_075376

LOC127104007

homeobox-leucine zipper protein HDG2-like

KIW84_041679

LOC127073806

HVA22-like protein a

KIW84_045434

LOC127076061

hydroquinone glucosyltransferase-like

KIW84_010234

Hypothetical protein

KIW84_010505

Hypothetical protein

KIW84_011000

Hypothetical protein

KIW84_011956

Hypothetical protein

KIW84_011965

Hypothetical protein

KIW84_022587

Hypothetical protein

KIW84_023909

Hypothetical protein

KIW84_030475

Hypothetical protein

KIW84_033164

Hypothetical protein

KIW84_040456

Hypothetical protein

KIW84_040465

Hypothetical protein

KIW84_044262

Hypothetical protein

KIW84_044689

Hypothetical protein

KIW84_045635

Hypothetical protein

KIW84_050237

Hypothetical protein

KIW84_050255

Hypothetical protein

KIW84_056362

Hypothetical protein

KIW84_057823

Hypothetical protein

KIW84_057890

Hypothetical protein

KIW84_061052

Hypothetical protein

KIW84_063947

Hypothetical protein

KIW84_065485

Hypothetical protein

KIW84_065531

Hypothetical protein

KIW84_065867

Hypothetical protein

KIW84_070959

Hypothetical protein

KIW84_071121

Hypothetical protein



https://www.ncbi.nlm.nih.gov/gene/127084699
https://www.ncbi.nlm.nih.gov/gene/127084699
https://www.ncbi.nlm.nih.gov/gene/127106089
https://www.ncbi.nlm.nih.gov/gene/127132070
https://www.ncbi.nlm.nih.gov/gene/127132070
https://www.ncbi.nlm.nih.gov/gene/127119987
https://www.ncbi.nlm.nih.gov/gene/127119987
https://www.ncbi.nlm.nih.gov/gene/127087147
https://www.ncbi.nlm.nih.gov/gene/127087147
https://www.ncbi.nlm.nih.gov/gene/127132320
https://www.ncbi.nlm.nih.gov/gene/127132320
https://www.ncbi.nlm.nih.gov/gene/127125921
https://www.ncbi.nlm.nih.gov/gene/127125921
https://www.ncbi.nlm.nih.gov/gene/127138569
https://www.ncbi.nlm.nih.gov/gene/127138569
https://www.ncbi.nlm.nih.gov/gene/127092249
https://www.ncbi.nlm.nih.gov/gene/127074779
https://www.ncbi.nlm.nih.gov/gene/127074779
https://www.ncbi.nlm.nih.gov/gene/127104007
https://www.ncbi.nlm.nih.gov/gene/127073806
https://www.ncbi.nlm.nih.gov/gene/127073806
https://www.ncbi.nlm.nih.gov/gene/127076061
https://www.ncbi.nlm.nih.gov/gene/127076061
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KIW84_071134

Hypothetical protein

KIW84_074014

Hypothetical protein

KIW84_076934

Hypothetical protein

KIW84_UNO0765

Hypothetical protein

KIW84_UN0768

Hypothetical protein

KIW84_UNO0770

Hypothetical protein

KIW84_UN0780

Hypothetical protein

KIW84_MT0020

Hypothetical protein

KIW84_MTO0021

Hypothetical protein

KIW84_MT0022

Hypothetical protein

KIW84_MT0024

Hypothetical protein

KIW84_MT0026

Hypothetical protein

KIW84_MTO0041

Hypothetical protein

KIW84_MTO0042

Hypothetical protein

KIW84_CP0001

Hypothetical protein

KIW84_CP0002

Hypothetical protein

KIW84_CP0004

Hypothetical protein

KIW84_CP0006

Hypothetical protein

KIW84_CP0008

Hypothetical protein

KIW84_CP0010

Hypothetical protein

KIW84 056518 Hypothetical protein ,partial

KIW84 020464 Hypothetical protein, partial

KIW84 023956 Hypothetical protein, partial

KIW84 031874 Hypothetical protein, partial

KIW84_033237 Hypothetical protein, partial

KIW84 040476 Hypothetical protein, partial

KIW84 045251 Hypothetical protein, partial

KIW84 056521 Hypothetical protein, partial

KIW84 056977 LOC127086465 indole-3-acetic acid-amido synthetase GH3.6-

like

KIW84 043429 LOC127074945 inorganic phosphate transporter 2-1,

chloroplastic

KIW84 052674 LOC127082876 inositol-3-phosphate synthase

KIW84 062192 LOC127092727 1Q domain-containing protein IQM3

KIW84 021451 LOC127118344 isocitrate dehydrogenase [NADP],

chloroplastic

KIW84 015052 LOC127079273 ISWI chromatin-remodeling complex ATPase

CHR11

KIW84 073132 LOC127104133 jasmonate-induced oxygenase 2-like

KIW84_ 057312 LOC127086710 kinesin-like protein KIN-12E



https://www.ncbi.nlm.nih.gov/gene/127086465
https://www.ncbi.nlm.nih.gov/gene/127086465
https://www.ncbi.nlm.nih.gov/gene/127086465
https://www.ncbi.nlm.nih.gov/gene/127074945
https://www.ncbi.nlm.nih.gov/gene/127074945
https://www.ncbi.nlm.nih.gov/gene/127074945
https://www.ncbi.nlm.nih.gov/gene/127082876
https://www.ncbi.nlm.nih.gov/gene/127082876
https://www.ncbi.nlm.nih.gov/gene/127092727
https://www.ncbi.nlm.nih.gov/gene/127118344
https://www.ncbi.nlm.nih.gov/gene/127118344
https://www.ncbi.nlm.nih.gov/gene/127118344
https://www.ncbi.nlm.nih.gov/gene/127079273
https://www.ncbi.nlm.nih.gov/gene/127079273
https://www.ncbi.nlm.nih.gov/gene/127079273
https://www.ncbi.nlm.nih.gov/gene/127104133
https://www.ncbi.nlm.nih.gov/gene/127086710
https://www.ncbi.nlm.nih.gov/gene/127086710
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KIW84_070897

LOC127105579

kinesin-like protein KIN-14J

KIW84_057784

LOC127087106

kinesin-like protein KIN-5D

KIW84_020736

LOC127117941

KRR1 small subunit processome component
homolog

KIW84_061051

LOC127091896

la protein 1

KIW84_072078

LOC127107678

L-Ala-D/L-amino acid epimerase

KIW84_076931

LOC127107228

lamin-like protein

KIW84_053294

LOC127083556

L-ascorbate oxidase

KIW84_014362

LOC127109507

leucine-rich repeat extensin-like protein 3

KIW84_070531

LOC127106671

leucine-rich repeat extensin-like protein 4

KIW84_020133

LOC127117555

leucine-rich repeat receptor-like
serine/threonine-protein kinase RGI4

KIW84_053260

LOC127083526

linoleate 13S-lipoxygenase 2-1, chloroplastic-
like

KIW84_036240

LOC127128740

LOB domain-containing protein 41

KIW84 061175

LOC127091503

long chain acyl-CoA synthetase 9,
chloroplastic-like

KIW84_063882

LOC127090949

low-specificity L-threonine aldolase 1-like

KIW84_015267

LOC127080798

low-temperature-induced cysteine proteinase-
like

KIW84_070677

LOC127101227

luminal-binding protein

KIW84_053874

LOC127084079

lysM domain-containing GPl-anchored protein
1-like

KIW84_046480

LOC127076851

magnesium transporter MRS2-3

KIW84_044725

LOC127075621

metacaspase-4-like

KIW84_065744

LOC127098555

methionine aminopeptidase 2B

KIW84_010767

LOC127102450

mitogen-activated protein kinase kinase 9

KIW84_062185

LOC127092723

monodehydroascorbate reductase (NADH)

KIW84_050273

LOC127088357

monosaccharide-sensing protein 2-like

KIW84_072936

LOC127108431

monothiol glutaredoxin-S17

KIW84_063336

LOC127098464

multiple organellar RNA editing factor 2,
chloroplastic-like

KIW84_057107

LOC127086544

multiprotein-bridging factor la-like

KIW84_063180

LOC127095062

NAD(P)H-quinone oxidoreductase chain 4,
chloroplastic-like

KIW84_010992

LOC127115686

NADH dehydrogenase [ubiquinone] 1 beta
subcomplex subunit

KIW84_040240

LOC127138413

NADP-dependent glyceraldehyde-3-phosphate
dehydrogenase

KIW84_058139

LOC127087427

NADP-dependent malic enzyme-like

KIW84_056061

LOC127085763

NADPH:quinone oxidoreductase-like



https://www.ncbi.nlm.nih.gov/gene/127105579
https://www.ncbi.nlm.nih.gov/gene/127087106
https://www.ncbi.nlm.nih.gov/gene/127087106
https://www.ncbi.nlm.nih.gov/gene/127117941
https://www.ncbi.nlm.nih.gov/gene/127117941
https://www.ncbi.nlm.nih.gov/gene/127117941
https://www.ncbi.nlm.nih.gov/gene/127107678
https://www.ncbi.nlm.nih.gov/gene/127107228
https://www.ncbi.nlm.nih.gov/gene/127083556
https://www.ncbi.nlm.nih.gov/gene/127083556
https://www.ncbi.nlm.nih.gov/gene/127109507
https://www.ncbi.nlm.nih.gov/gene/127109507
https://www.ncbi.nlm.nih.gov/gene/127117555
https://www.ncbi.nlm.nih.gov/gene/127117555
https://www.ncbi.nlm.nih.gov/gene/127117555
https://www.ncbi.nlm.nih.gov/gene/127083526
https://www.ncbi.nlm.nih.gov/gene/127083526
https://www.ncbi.nlm.nih.gov/gene/127083526
https://www.ncbi.nlm.nih.gov/gene/127128740
https://www.ncbi.nlm.nih.gov/gene/127128740
https://www.ncbi.nlm.nih.gov/gene/127091503
https://www.ncbi.nlm.nih.gov/gene/127090949
https://www.ncbi.nlm.nih.gov/gene/127080798
https://www.ncbi.nlm.nih.gov/gene/127080798
https://www.ncbi.nlm.nih.gov/gene/127080798
https://www.ncbi.nlm.nih.gov/gene/127101227
https://www.ncbi.nlm.nih.gov/gene/127084079
https://www.ncbi.nlm.nih.gov/gene/127084079
https://www.ncbi.nlm.nih.gov/gene/127084079
https://www.ncbi.nlm.nih.gov/gene/127076851
https://www.ncbi.nlm.nih.gov/gene/127076851
https://www.ncbi.nlm.nih.gov/gene/127075621
https://www.ncbi.nlm.nih.gov/gene/127075621
https://www.ncbi.nlm.nih.gov/gene/127098555
https://www.ncbi.nlm.nih.gov/gene/127102450
https://www.ncbi.nlm.nih.gov/gene/127092723
https://www.ncbi.nlm.nih.gov/gene/127088357
https://www.ncbi.nlm.nih.gov/gene/127088357
https://www.ncbi.nlm.nih.gov/gene/127108431
https://www.ncbi.nlm.nih.gov/gene/127098464
https://www.ncbi.nlm.nih.gov/gene/127086544
https://www.ncbi.nlm.nih.gov/gene/127086544
https://www.ncbi.nlm.nih.gov/gene/127095062
https://www.ncbi.nlm.nih.gov/gene/127115686
https://www.ncbi.nlm.nih.gov/gene/127138413
https://www.ncbi.nlm.nih.gov/gene/127138413
https://www.ncbi.nlm.nih.gov/gene/127138413
https://www.ncbi.nlm.nih.gov/gene/127087427
https://www.ncbi.nlm.nih.gov/gene/127085763
https://www.ncbi.nlm.nih.gov/gene/127085763
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KIW84_062323

LOC127092804

NDR1/HIN1-like protein 1

KIW84_062319

LOC127092798

NDR1/HIN1-like protein 3

KIW84_065771

LOC127096634

nucleobase-ascorbate transporter 4

KIW84_058196

LOC127087474

nucleolar GTP-binding protein 1-like

KIW84_050592

LOC127085254

oligopeptide transporter 2-like

KIW84_075949

LOC127108333

osmotin-like protein

KIW84_031051

LOC127132720

OVARIAN TUMOR DOMAIN-containing
deubiquitinating enzyme 5

KIW84_014629

LOC127075644

patatin-like protein 7

KIW84_014537

LOC127074870

patellin-4

KIW84_062992

LOC127091803

pentatricopeptide repeat-containing protein
At5g13770, chloroplastic

KIW84_072686

LOC127100974

peptide methionine sulfoxide reductase B5-
like

KIW84_046116

LOC127076544

peptidyl-prolyl cis-trans isomerase FKBP62-
like

KIW84_074033

LOC127105172

peter Pan-like protein

KIW84_033674

LOC127127122

phosphomannomutase

KIW84_043149

LOC127074767

phosphoserine aminotransferase 2,
chloroplastic-like

KIW84_058175

LOC127087460

photosynthetic NDH subunit of subcomplex B
3, chloroplastic

KIW84_070270

LOC127108170

phragmoplastin DRP1C

KIW84_023867

LOC127119695

PI-PLC X domain-containing protein
At5g67130-like

KIW84_060895

LOC127093506

plasma membrane ATPase-like

KIW84_063781

LOC127091774

polyadenylate-binding protein 1-like

KIW84_023179

LOC127119324

polygalacturonase 1 beta-like protein 3

KIW84_050224

LOC127085074

polygalacturonase 1 beta-like protein 3

KIW84_046508

LOC127076883

presequence protease 1,
chloroplastic/mitochondrial-like

KIW84_062917

LOC127098444

probable acetyltransferase NATAL-like

KIW84_043732

LOC127075108

probable alpha,alpha-trehalose-phosphate
synthase [UDP-forming] 9

KIW84_076228

LOC127105969

probable anion transporter 5

KIW84_010825

LOC127106740

probable calcium-binding protein CML27

KIW84_051112

LOC127087768

probable CCR4-associated factor 1 homolog 7

KIW84_065884

LOC127097911

probable cinnamy| alcohol dehydrogenase

KIW84_073249

LOC127107677

probable E3 ubiquitin ligase SUD1

KIW84_040050

LOC127138266

probable galacturonosyltransferase 4

KIW84_076607

LOC127100870

probable glutathione S-transferase



https://www.ncbi.nlm.nih.gov/gene/127092804
https://www.ncbi.nlm.nih.gov/gene/127092798
https://www.ncbi.nlm.nih.gov/gene/127096634
https://www.ncbi.nlm.nih.gov/gene/127087474
https://www.ncbi.nlm.nih.gov/gene/127085254
https://www.ncbi.nlm.nih.gov/gene/127085254
https://www.ncbi.nlm.nih.gov/gene/127108333
https://www.ncbi.nlm.nih.gov/gene/127132720
https://www.ncbi.nlm.nih.gov/gene/127132720
https://www.ncbi.nlm.nih.gov/gene/127132720
https://www.ncbi.nlm.nih.gov/gene/127075644
https://www.ncbi.nlm.nih.gov/gene/127075644
https://www.ncbi.nlm.nih.gov/gene/127074870
https://www.ncbi.nlm.nih.gov/gene/127074870
https://www.ncbi.nlm.nih.gov/gene/127091803
https://www.ncbi.nlm.nih.gov/gene/127100974
https://www.ncbi.nlm.nih.gov/gene/127076544
https://www.ncbi.nlm.nih.gov/gene/127076544
https://www.ncbi.nlm.nih.gov/gene/127076544
https://www.ncbi.nlm.nih.gov/gene/127105172
https://www.ncbi.nlm.nih.gov/gene/127127122
https://www.ncbi.nlm.nih.gov/gene/127127122
https://www.ncbi.nlm.nih.gov/gene/127074767
https://www.ncbi.nlm.nih.gov/gene/127074767
https://www.ncbi.nlm.nih.gov/gene/127074767
https://www.ncbi.nlm.nih.gov/gene/127087460
https://www.ncbi.nlm.nih.gov/gene/127108170
https://www.ncbi.nlm.nih.gov/gene/127119695
https://www.ncbi.nlm.nih.gov/gene/127119695
https://www.ncbi.nlm.nih.gov/gene/127119695
https://www.ncbi.nlm.nih.gov/gene/127093506
https://www.ncbi.nlm.nih.gov/gene/127091774
https://www.ncbi.nlm.nih.gov/gene/127119324
https://www.ncbi.nlm.nih.gov/gene/127119324
https://www.ncbi.nlm.nih.gov/gene/127085074
https://www.ncbi.nlm.nih.gov/gene/127085074
https://www.ncbi.nlm.nih.gov/gene/127076883
https://www.ncbi.nlm.nih.gov/gene/127076883
https://www.ncbi.nlm.nih.gov/gene/127076883
https://www.ncbi.nlm.nih.gov/gene/127098444
https://www.ncbi.nlm.nih.gov/gene/127075108
https://www.ncbi.nlm.nih.gov/gene/127075108
https://www.ncbi.nlm.nih.gov/gene/127075108
https://www.ncbi.nlm.nih.gov/gene/127105969
https://www.ncbi.nlm.nih.gov/gene/127106740
https://www.ncbi.nlm.nih.gov/gene/127106740
https://www.ncbi.nlm.nih.gov/gene/127087768
https://www.ncbi.nlm.nih.gov/gene/127087768
https://www.ncbi.nlm.nih.gov/gene/127097911
https://www.ncbi.nlm.nih.gov/gene/127107677
https://www.ncbi.nlm.nih.gov/gene/127138266
https://www.ncbi.nlm.nih.gov/gene/127138266
https://www.ncbi.nlm.nih.gov/gene/127100870
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KIW84_075984

LOC127106057

probable histone H2B.1

KIW84_031070

LOC127125454

probable indole-3-pyruvate monooxygenase
YUCCAI0

KIW84_033726

LOC127127160

probable methyltransferase PMT15

KIW84_043271

LOC127074836

probable methyltransferase PMT21

KIW84_043674

LOC127075080

probable nucleoredoxin 1

KIW84_064444

LOC127092269

probable protein disulfide-isomerase A6

KIW84_071680

LOC127106614

probable ribose-5-phosphate isomerase 3,
chloroplastic

KIW84_015630

LOC127083651

proline iminopeptidase

KIW84_010262

LOC127130131

proteasome subunit alpha type-2-A

KIW84_035114

LOC127128028

proteasome subunit beta type-7-B-like

KIW84_041342

LOC127073560

protein BUNDLE SHEATH DEFECTIVE 2,
chloroplastic-like

KIW84_041580

LOC127073731

protein CANDIDATE G-PROTEIN
COUPLED RECEPTOR 2-like

KIW84_053165

LOC127083423

protein CANDIDATE G-PROTEIN
COUPLED RECEPTOR 7

KIW84_032837

LOC127126554

protein DETOXIFICATION 21-like

KIW84_025272

LOC127120677

protein DETOXIFICATION 56

KIW84_010690

LOC127097845

protein Drl homolog

KIW84_074771

LOC127101487

protein EXORDIUM-like 3

KIW84_052371

LOC127081873

protein IQ-DOMAIN 21-like

KIW84_032171

LOC127126124

protein LIFEGUARD 2-like

KIW84_023670

LOC127119587

protein NRT1/ PTR FAMILY 2.13

KIW84_015186

LOC127080274

protein NRT1/ PTR FAMILY 4.5-like

KIW84_076974

LOC127105368

protein NRT1/ PTR FAMILY 5.10-like

KIW84_056142

LOC127085830

protein NRT1/ PTR FAMILY 5.4-like

KIW84_024108

LOC127119838

protein PAM®68, chloroplastic

KIW84_040610

LOC127138657

protein phosphatase 2C 50-like

KIW84_012345

LOC127125801

protein QUIRKY

KIW84_033875

LOC127127263

protein RETICULATA-RELATED 2,
chloroplastic-like

KIW84_020136

LOC127117556

protein transport protein SFT2-like

KIW84_063669

LOC127098166

protein WVD2-like 3

KIW84_051044

LOC127087639

protein WVD2-like 5

KIW84_023035

LOC127119249

protein YELLOW LEAF 1, choloroplastic-like

KIW84_054453

LOC127084531

putative F-box protein At1g47730

KIW84_060773

LOC127093350

putative lipid-binding protein AIR1

KIW84_035897

LOC127128483

pyruvate dehydrogenase E1 component subunit

beta, mitochondrial



https://www.ncbi.nlm.nih.gov/gene/127106057
https://www.ncbi.nlm.nih.gov/gene/127125454
https://www.ncbi.nlm.nih.gov/gene/127125454
https://www.ncbi.nlm.nih.gov/gene/127125454
https://www.ncbi.nlm.nih.gov/gene/127127160
https://www.ncbi.nlm.nih.gov/gene/127127160
https://www.ncbi.nlm.nih.gov/gene/127074836
https://www.ncbi.nlm.nih.gov/gene/127074836
https://www.ncbi.nlm.nih.gov/gene/127075080
https://www.ncbi.nlm.nih.gov/gene/127075080
https://www.ncbi.nlm.nih.gov/gene/127092269
https://www.ncbi.nlm.nih.gov/gene/127106614
https://www.ncbi.nlm.nih.gov/gene/127083651
https://www.ncbi.nlm.nih.gov/gene/127083651
https://www.ncbi.nlm.nih.gov/gene/127130131
https://www.ncbi.nlm.nih.gov/gene/127128028
https://www.ncbi.nlm.nih.gov/gene/127128028
https://www.ncbi.nlm.nih.gov/gene/127073560
https://www.ncbi.nlm.nih.gov/gene/127073560
https://www.ncbi.nlm.nih.gov/gene/127073560
https://www.ncbi.nlm.nih.gov/gene/127073731
https://www.ncbi.nlm.nih.gov/gene/127073731
https://www.ncbi.nlm.nih.gov/gene/127073731
https://www.ncbi.nlm.nih.gov/gene/127083423
https://www.ncbi.nlm.nih.gov/gene/127083423
https://www.ncbi.nlm.nih.gov/gene/127083423
https://www.ncbi.nlm.nih.gov/gene/127126554
https://www.ncbi.nlm.nih.gov/gene/127126554
https://www.ncbi.nlm.nih.gov/gene/127120677
https://www.ncbi.nlm.nih.gov/gene/127120677
https://www.ncbi.nlm.nih.gov/gene/127097845
https://www.ncbi.nlm.nih.gov/gene/127097845
https://www.ncbi.nlm.nih.gov/gene/127101487
https://www.ncbi.nlm.nih.gov/gene/127081873
https://www.ncbi.nlm.nih.gov/gene/127081873
https://www.ncbi.nlm.nih.gov/gene/127126124
https://www.ncbi.nlm.nih.gov/gene/127126124
https://www.ncbi.nlm.nih.gov/gene/127119587
https://www.ncbi.nlm.nih.gov/gene/127119587
https://www.ncbi.nlm.nih.gov/gene/127080274
https://www.ncbi.nlm.nih.gov/gene/127080274
https://www.ncbi.nlm.nih.gov/gene/127085830
https://www.ncbi.nlm.nih.gov/gene/127085830
https://www.ncbi.nlm.nih.gov/gene/127119838
https://www.ncbi.nlm.nih.gov/gene/127119838
https://www.ncbi.nlm.nih.gov/gene/127138657
https://www.ncbi.nlm.nih.gov/gene/127138657
https://www.ncbi.nlm.nih.gov/gene/127125801
https://www.ncbi.nlm.nih.gov/gene/127125801
https://www.ncbi.nlm.nih.gov/gene/127127263
https://www.ncbi.nlm.nih.gov/gene/127127263
https://www.ncbi.nlm.nih.gov/gene/127127263
https://www.ncbi.nlm.nih.gov/gene/127117556
https://www.ncbi.nlm.nih.gov/gene/127117556
https://www.ncbi.nlm.nih.gov/gene/127098166
https://www.ncbi.nlm.nih.gov/gene/127087639
https://www.ncbi.nlm.nih.gov/gene/127087639
https://www.ncbi.nlm.nih.gov/gene/127119249
https://www.ncbi.nlm.nih.gov/gene/127119249
https://www.ncbi.nlm.nih.gov/gene/127084531
https://www.ncbi.nlm.nih.gov/gene/127084531
https://www.ncbi.nlm.nih.gov/gene/127093350
https://www.ncbi.nlm.nih.gov/gene/127128483
https://www.ncbi.nlm.nih.gov/gene/127128483
https://www.ncbi.nlm.nih.gov/gene/127128483

169

KIW84_062138

LOC127098441

pyruvate kinase 1, cytosolic-like

KIW84_076179

LOC127105930

ran-binding protein M homolog

KIW84_033898

LOC127127279

receptor-like protein kinase FERONIA

KIW84_045206

LOC127075932

remorin-like

KIW84_065390

LOC127091113

remorin-like

KIW84_071334

LOC127101086

ribonucleoside-diphosphate reductase large
subunit

KIW84_075619

LOC127108473

ribosome biogenesis protein bms1

KIW84_015698

LOC127084394

ribulose bisphosphate carboxylase large chain-
like

KIW84_070700

LOC127102273

RNA polymerase Il transcriptional coactivator
KELP-like

KIW84_058262

LOC127087537

root phototropism protein 3

KIW84_010116

LOC127119762

ruBisCO large subunit-binding protein subunit
beta, chloroplastic

KIW84_072872

LOC127106145

secretory carrier-associated membrane protein-
like

KIW84_045812

LOC127076331

seed linoleate 9S-lipoxygenase-like

KIW84_064906

LOC127091494

serine carboxypeptidase-like

KIW84_033413

LOC127126966

serine carboxypeptidase-like 20

KIW84 074534

LOC127101043

serine carboxypeptidase-like 51

KIW84_053401

LOC127083662

short-chain dehydrogenase TIC 32 B,
chloroplastic-like

KIW84_071351

LOC127101212

small nuclear ribonucleoprotein SmD3b-like

KIW84_065174

LOC127093341

sterol 3-beta-glucosyltransferase UGT80B1

KIW84_015901

LOC127086043

stromal 70 kDa heat shock-related protein,
chloroplastic

KIW84_033473

LOC127127019

subtilisin-like protease SBT3

KIW84_024822

LOC127120336

subtilisin-like protease SBT5.4

KIW84_013383

LOC127132623

succinate--CoA ligase [ADP-forming] subunit
alpha, mitochondrial

KIW84_040695

LOC127138723

sucrose synthase

KIW84_010525

LOC127084578

sugar transport protein 7-like

KIW84_076233

LOC127105972

SUN domain-containing protein 4-like

KIW84_034237

LOC127127486

T-complex protein 1 subunit beta

KIW84_052782

LOC127083008

T-complex protein 1 subunit epsilon

KIW84_036264

LOC127128766

T-complex protein 1 subunit zeta 2

KIW84_076077

LOC127100377

tetraspanin-3-like

KIW84_024281

LOC127119954

thioredoxin reductase NTRB-like

KIW84_031585

LOC127125783

thioredoxin-like 3-3



https://www.ncbi.nlm.nih.gov/gene/127098441
https://www.ncbi.nlm.nih.gov/gene/127105930
https://www.ncbi.nlm.nih.gov/gene/127105930
https://www.ncbi.nlm.nih.gov/gene/127127279
https://www.ncbi.nlm.nih.gov/gene/127127279
https://www.ncbi.nlm.nih.gov/gene/127075932
https://www.ncbi.nlm.nih.gov/gene/127075932
https://www.ncbi.nlm.nih.gov/gene/127091113
https://www.ncbi.nlm.nih.gov/gene/127108473
https://www.ncbi.nlm.nih.gov/gene/127084394
https://www.ncbi.nlm.nih.gov/gene/127084394
https://www.ncbi.nlm.nih.gov/gene/127084394
https://www.ncbi.nlm.nih.gov/gene/127102273
https://www.ncbi.nlm.nih.gov/gene/127087537
https://www.ncbi.nlm.nih.gov/gene/127119762
https://www.ncbi.nlm.nih.gov/gene/127106145
https://www.ncbi.nlm.nih.gov/gene/127076331
https://www.ncbi.nlm.nih.gov/gene/127076331
https://www.ncbi.nlm.nih.gov/gene/127091494
https://www.ncbi.nlm.nih.gov/gene/127126966
https://www.ncbi.nlm.nih.gov/gene/127126966
https://www.ncbi.nlm.nih.gov/gene/127101043
https://www.ncbi.nlm.nih.gov/gene/127083662
https://www.ncbi.nlm.nih.gov/gene/127083662
https://www.ncbi.nlm.nih.gov/gene/127083662
https://www.ncbi.nlm.nih.gov/gene/127101212
https://www.ncbi.nlm.nih.gov/gene/127093341
https://www.ncbi.nlm.nih.gov/gene/127086043
https://www.ncbi.nlm.nih.gov/gene/127086043
https://www.ncbi.nlm.nih.gov/gene/127086043
https://www.ncbi.nlm.nih.gov/gene/127127019
https://www.ncbi.nlm.nih.gov/gene/127127019
https://www.ncbi.nlm.nih.gov/gene/127120336
https://www.ncbi.nlm.nih.gov/gene/127120336
https://www.ncbi.nlm.nih.gov/gene/127132623
https://www.ncbi.nlm.nih.gov/gene/127132623
https://www.ncbi.nlm.nih.gov/gene/127132623
https://www.ncbi.nlm.nih.gov/gene/127138723
https://www.ncbi.nlm.nih.gov/gene/127138723
https://www.ncbi.nlm.nih.gov/gene/127084578
https://www.ncbi.nlm.nih.gov/gene/127105972
https://www.ncbi.nlm.nih.gov/gene/127127486
https://www.ncbi.nlm.nih.gov/gene/127127486
https://www.ncbi.nlm.nih.gov/gene/127083008
https://www.ncbi.nlm.nih.gov/gene/127083008
https://www.ncbi.nlm.nih.gov/gene/127128766
https://www.ncbi.nlm.nih.gov/gene/127128766
https://www.ncbi.nlm.nih.gov/gene/127100377
https://www.ncbi.nlm.nih.gov/gene/127119954
https://www.ncbi.nlm.nih.gov/gene/127119954
https://www.ncbi.nlm.nih.gov/gene/127125783
https://www.ncbi.nlm.nih.gov/gene/127125783
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KIW84_060030

LOC127091232

thioredoxin-like protein CDSP32,
chloroplastic

KIW84_040616

LOC127138662

threonine synthase 1, chloroplastic-like

KIW84_050477

LOC127082998

transcription initiation factor I1F subunit beta

KIW84_066448

LOC127092946

transketolase, chloroplastic-like

KIW84_014287

LOC127138736

translationally-controlled tumor protein
homolog

KIW84_013468

LOC127133331

transmembrane 9 superfamily member 3-like

KIW84_073491

LOC127107121

transmembrane emp24 domain-containing
protein p24delta9-like

KIW84_034397

LOC127127584

tropinone reductase homolog At5g06060-like

KIW84_046313

LOC127076704

tryptophan--tRNA ligase, cytoplasmic-like

KIW84_014604

LOC127075516

U3 snoRNP-associated protein-like EMB2271

KIW84_061340

LOC127098162

ubiquitin C-terminal hydrolase 12-like

KIW84_052300

LOC127081564

ubiquitin-60S ribosomal protein L40

KIW84_040873

LOC127073197

ubiquitin-conjugating enzyme E2 32

KIW84_023773

LOC127119642

UDP-glucose 6-dehydrogenase 4

KIW84_075953

LOC127100611

UDP-glucuronic acid decarboxylase 5

KIW84_057832

LOC127087156

UDP-glucuronic acid decarboxylase 6

KIW84_011326

LOC127118707

uncharacterized

KIW84_013727

LOC127135872

uncharacterized

KIW84_013918

LOC127136689

uncharacterized

KIW84_014190

LOC127138140

uncharacterized

KIW84_014529

LOC127074796

uncharacterized

KIW84_014798

LOC127076884

uncharacterized

KIW84_015579

LOC127083172

Uncharacterized

KIW84_020423

LOC127117742

Uncharacterized

KIW84_020624

LOC127117870

Uncharacterized

KIW84_022092

LOC127118683

Uncharacterized

KIW84_022265

LOC127121289

uncharacterized

KIW84_023809

LOC127119665

uncharacterized

KIW84_023854

LOC127119687

uncharacterized

KIW84_025341

LOC127120737

uncharacterized

KIW84_030635

LOC127132452

uncharacterized

KIW84_030657

LOC127132463

uncharacterized

KIW84 031257

LOC127125605

uncharacterized

KIW84_031378

LOC127125679

Uncharacterized

KIW84_032370

LOC127126248

uncharacterized

KIW84_032632

LOC127126420

uncharacterized

KIW84_032981

LOC127126641

uncharacterized



https://www.ncbi.nlm.nih.gov/gene/127091232
https://www.ncbi.nlm.nih.gov/gene/127138662
https://www.ncbi.nlm.nih.gov/gene/127138662
https://www.ncbi.nlm.nih.gov/gene/127082998
https://www.ncbi.nlm.nih.gov/gene/127082998
https://www.ncbi.nlm.nih.gov/gene/127138736
https://www.ncbi.nlm.nih.gov/gene/127138736
https://www.ncbi.nlm.nih.gov/gene/127138736
https://www.ncbi.nlm.nih.gov/gene/127133331
https://www.ncbi.nlm.nih.gov/gene/127133331
https://www.ncbi.nlm.nih.gov/gene/127107121
https://www.ncbi.nlm.nih.gov/gene/127127584
https://www.ncbi.nlm.nih.gov/gene/127127584
https://www.ncbi.nlm.nih.gov/gene/127076704
https://www.ncbi.nlm.nih.gov/gene/127076704
https://www.ncbi.nlm.nih.gov/gene/127075516
https://www.ncbi.nlm.nih.gov/gene/127075516
https://www.ncbi.nlm.nih.gov/gene/127098162
https://www.ncbi.nlm.nih.gov/gene/127081564
https://www.ncbi.nlm.nih.gov/gene/127081564
https://www.ncbi.nlm.nih.gov/gene/127073197
https://www.ncbi.nlm.nih.gov/gene/127073197
https://www.ncbi.nlm.nih.gov/gene/127119642
https://www.ncbi.nlm.nih.gov/gene/127119642
https://www.ncbi.nlm.nih.gov/gene/127100611
https://www.ncbi.nlm.nih.gov/gene/127087156
https://www.ncbi.nlm.nih.gov/gene/127118707
https://www.ncbi.nlm.nih.gov/gene/127135872
https://www.ncbi.nlm.nih.gov/gene/127136689
https://www.ncbi.nlm.nih.gov/gene/127138140
https://www.ncbi.nlm.nih.gov/gene/127074796
https://www.ncbi.nlm.nih.gov/gene/127076884
https://www.ncbi.nlm.nih.gov/gene/127083172
https://www.ncbi.nlm.nih.gov/gene/127117742
https://www.ncbi.nlm.nih.gov/gene/127117870
https://www.ncbi.nlm.nih.gov/gene/127118683
https://www.ncbi.nlm.nih.gov/gene/127121289
https://www.ncbi.nlm.nih.gov/gene/127119665
https://www.ncbi.nlm.nih.gov/gene/127119665
https://www.ncbi.nlm.nih.gov/gene/127119687
https://www.ncbi.nlm.nih.gov/gene/127120737
https://www.ncbi.nlm.nih.gov/gene/127132452
https://www.ncbi.nlm.nih.gov/gene/127125605
https://www.ncbi.nlm.nih.gov/gene/127125605
https://www.ncbi.nlm.nih.gov/gene/127125679
https://www.ncbi.nlm.nih.gov/gene/127126248
https://www.ncbi.nlm.nih.gov/gene/127126420
https://www.ncbi.nlm.nih.gov/gene/127126420
https://www.ncbi.nlm.nih.gov/gene/127126641
https://www.ncbi.nlm.nih.gov/gene/127126641
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KIW84_033861

LOC127127250

uncharacterized

KIW84_034425

LOC127127608

uncharacterized

KIW84_036285

LOC127128783

uncharacterized

KIW84_040180

LOC127138365

uncharacterized

KIW84_040271

LOC127138439

uncharacterized

KIW84_040544

LOC127138607

uncharacterized

KIW84_043402

LOC127074928

uncharacterized

KIW84_045224

LOC127075952

uncharacterized

KIW84_046320

LOC127076711

uncharacterized

KIW84_046426

LOC127076804

uncharacterized

KIW84_050418

LOC127081268

uncharacterized

KIW84_051609

LOC127088278

uncharacterized

KIW84_053435

LOC127083700

uncharacterized

KIW84_053687

LOC127083906

uncharacterized

KIW84_053978

LOC127084185

uncharacterized

KIW84_054602

LOC127084637

uncharacterized

KIW84_056204

LOC127085886

uncharacterized

KIW84_056366

LOC127081775

uncharacterized

KIW84_056600

LOC127086168

uncharacterized

KIW84_057528

LOC127086890

uncharacterized

KIW84_057605

LOC127086971

uncharacterized

KIW84_060423

LOC127098263

uncharacterized

KIW84_060491

LOC127097401

uncharacterized

KIW84_061137

LOC127091050

uncharacterized

KIW84_063058

LOC127097531

uncharacterized

KIW84_066125

LOC127093033

uncharacterized

KIW84_066336

LOC127098065

uncharacterized

KIW84_066530

LOC127092127

uncharacterized

KIW84_070747

LOC127108238

uncharacterized

KIW84_071414

LOC127108266

uncharacterized

KIW84_071699

LOC127106629

uncharacterized

KIW84_073051

LOC127108220

uncharacterized

KIW84_074098

LOC127106265

uncharacterized

KIW84_075214

LOC127103363

uncharacterized

KIW84_076930

LOC127107227

uncharacterized

KIW84_077030

LOC127106715

uncharacterized

KIW84_010654

LOC127094780

uncharacterized protein

KIW84_058289

LOC127087555

uncharacterized protein At1g15400



https://www.ncbi.nlm.nih.gov/gene/127127250
https://www.ncbi.nlm.nih.gov/gene/127127608
https://www.ncbi.nlm.nih.gov/gene/127128783
https://www.ncbi.nlm.nih.gov/gene/127138365
https://www.ncbi.nlm.nih.gov/gene/127138439
https://www.ncbi.nlm.nih.gov/gene/127138607
https://www.ncbi.nlm.nih.gov/gene/127074928
https://www.ncbi.nlm.nih.gov/gene/127075952
https://www.ncbi.nlm.nih.gov/gene/127076711
https://www.ncbi.nlm.nih.gov/gene/127076804
https://www.ncbi.nlm.nih.gov/gene/127081268
https://www.ncbi.nlm.nih.gov/gene/127088278
https://www.ncbi.nlm.nih.gov/gene/127083700
https://www.ncbi.nlm.nih.gov/gene/127083906
https://www.ncbi.nlm.nih.gov/gene/127084185
https://www.ncbi.nlm.nih.gov/gene/127084637
https://www.ncbi.nlm.nih.gov/gene/127085886
https://www.ncbi.nlm.nih.gov/gene/127081775
https://www.ncbi.nlm.nih.gov/gene/127086168
https://www.ncbi.nlm.nih.gov/gene/127086890
https://www.ncbi.nlm.nih.gov/gene/127086971
https://www.ncbi.nlm.nih.gov/gene/127098263
https://www.ncbi.nlm.nih.gov/gene/127097401
https://www.ncbi.nlm.nih.gov/gene/127091050
https://www.ncbi.nlm.nih.gov/gene/127097531
https://www.ncbi.nlm.nih.gov/gene/127093033
https://www.ncbi.nlm.nih.gov/gene/127098065
https://www.ncbi.nlm.nih.gov/gene/127092127
https://www.ncbi.nlm.nih.gov/gene/127108238
https://www.ncbi.nlm.nih.gov/gene/127108266
https://www.ncbi.nlm.nih.gov/gene/127106629
https://www.ncbi.nlm.nih.gov/gene/127108220
https://www.ncbi.nlm.nih.gov/gene/127106265
https://www.ncbi.nlm.nih.gov/gene/127103363
https://www.ncbi.nlm.nih.gov/gene/127107227
https://www.ncbi.nlm.nih.gov/gene/127106715
https://www.ncbi.nlm.nih.gov/gene/127094780
https://www.ncbi.nlm.nih.gov/gene/127087555
https://www.ncbi.nlm.nih.gov/gene/127087555
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KIW84_024032

LOC127119784

uncharacterized protein At1g32220,
chloroplastic

KIW84_058295

LOC127087566

uncharacterized protein At2g34160-like

KIW84_034391

LOC127127578

uncharacterized protein At2g39795,
mitochondrial-like

KIW84_076528

LOC127108480

uncharacterized protein At5902240

KIW84_070103

LOC127106873

uncharacterized protein At5g39865

KIW84_072989

LOC127106135

uncharacterized protein C6G9.01c

KIW84_065942

LOC127097949

uncharacterized RNA-binding protein
C1827.05¢c

KIW84_044052

LOC127075291

universal stress protein PHOS32

KIW84_056101

LOC127085802

uridine 5'-monophosphate synthase

KIW84_013682

LOC127135573

vacuolar protein sorting-associated protein 2
homolog 1

KIW84_014689

LOC127075996

vacuolar protein sorting-associated protein 53
A

KIW84_041869

LOC127073947

VAMP-like protein YKT61

KIW84_035550

Protein sequence variant 2, Protein TARL, partial

KIW84_052627

Protein sequence variant 2, Protein Ycf2, partial

KIW84_036036

LOC127128585

vesicle transport v-SNARE 13-like

KIW84_031015

LOC127132701

weel-like protein kinase

KIW84_040385

LOC127138522

xylose isomerase

KIW84_061898

LOC127098465

zinc finger CCCH domain-containing protein
11

Table B4. Pathways governed by significant gene comparing high protein to low protein content.

Locus ID Gene ID Pathways and Function
gene-KIW84_010020 LOC127136439 GDSL esterase/lipase At1g71691

gene-KIW84_010088 Hypothetical protein

translation initiation factor 1F-2,
gene-KIW84_010146 chloroplastic
BTB/POZ domain-containing protein
At1g30440
reticulon-like protein B21
nucleoid-associated protein
At4g30620, chloroplastic-like
Uncharacterized protein
pentatricopeptide repeat-containing
protein At1g05600

LOC127122231

gene-KIW84_010444
gene-KIW84_010584
gene-KIW84_010588
gene-KI1W84_ 010600
gene-KIW84_010764

LOC127075654
LOC127089895
LOC127091003
LOC127091532
LOC127102325



https://www.ncbi.nlm.nih.gov/gene/127119784
https://www.ncbi.nlm.nih.gov/gene/127119784
https://www.ncbi.nlm.nih.gov/gene/127119784
https://www.ncbi.nlm.nih.gov/gene/127087566
https://www.ncbi.nlm.nih.gov/gene/127127578
https://www.ncbi.nlm.nih.gov/gene/127127578
https://www.ncbi.nlm.nih.gov/gene/127127578
https://www.ncbi.nlm.nih.gov/gene/127108480
https://www.ncbi.nlm.nih.gov/gene/127106873
https://www.ncbi.nlm.nih.gov/gene/127106135
https://www.ncbi.nlm.nih.gov/gene/127097949
https://www.ncbi.nlm.nih.gov/gene/127075291
https://www.ncbi.nlm.nih.gov/gene/127075291
https://www.ncbi.nlm.nih.gov/gene/127085802
https://www.ncbi.nlm.nih.gov/gene/127085802
https://www.ncbi.nlm.nih.gov/gene/127135573
https://www.ncbi.nlm.nih.gov/gene/127135573
https://www.ncbi.nlm.nih.gov/gene/127135573
https://www.ncbi.nlm.nih.gov/gene/127075996
https://www.ncbi.nlm.nih.gov/gene/127075996
https://www.ncbi.nlm.nih.gov/gene/127075996
https://www.ncbi.nlm.nih.gov/gene/127073947
https://www.ncbi.nlm.nih.gov/gene/127073947
https://www.ncbi.nlm.nih.gov/protein/KAI5431405.1/
https://www.ncbi.nlm.nih.gov/protein/KAI5405946.1/
https://www.ncbi.nlm.nih.gov/gene/127128585
https://www.ncbi.nlm.nih.gov/gene/127128585
https://www.ncbi.nlm.nih.gov/gene/127132701
https://www.ncbi.nlm.nih.gov/gene/127132701
https://www.ncbi.nlm.nih.gov/gene/127138522
https://www.ncbi.nlm.nih.gov/gene/127138522
https://www.ncbi.nlm.nih.gov/gene/127098465
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gene-KIW84 010767

LOC127102450

mitogen-activated protein kinase
Kinase 9

gene-KIW84_010782

LOC127103172

nudix hydrolase 4-like

gene-KIW84_010807

LOC127104947

phosphoethanolamine N-
methyltransferase-like

gene-KIW84_010932

LOC127115235

LEAF RUST 10 DISEASE-
RESISTANCE LOCUS RECEPTOR-
LIKE PROTEIN KINASE-like 1.2

gene-KIW84_010982

LOC127115651

caffeoylshikimate esterase-like

gene-KIW84_011219

LOC127117936

arginine--tRNA ligase,
chloroplastic/mitochondrial-like

gene-KIW84_011332

LOC127118755

sphingoid long-chain bases kinase 1

gene-KIW84 011494

LOC127115485

bidirectional sugar transporter
SWEET6b-like

gene-KIW84 011638

LOC127120731

E3 ubiquitin-protein ligase CIP8-like

gene-KIW84 011783

LOC127121749

probable mitochondrial saccharopine
dehydrogenase-like oxidoreductase
At5g39410

gene-KIW84 011833

LOC127121977

transcription factor MYB16-like

gene-KIW84 013168

LOC127130980

enolase

gene-KIW84 013451

LOC127133097

sucrose synthase 7-like

gene-KIW84_013739

LOC127135913

photosystem I chlorophyll a/b-binding
protein 6, chloroplastic

gene-KI1W84 014040

LOC127137272

protein ALTERED PHOSPHATE
STARVATION RESPONSE 1-like

gene-KIW84 014284

LOC127138703

ABC transporter C family member 14-
like

gene-KIW84 014433

LOC127074180

ATP-citrate synthase beta chain
protein 1

gene-KIW84_014596

LOC127075418

ferredoxin--NADP reductase, root
isozyme, chloroplastic

gene-KIW84 014597

LOC127075430

nuclear transcription factor Y subunit
A-7-like

gene-KIW84 014710

LOC127076163

probable E3 ubiquitin-protein ligase
WAVH2

gene-KIW84 014815

LOC127077102

alkaline ceramidase

gene-KIW84_014827

LOC127077209

EH domain-containing protein 2-like

gene-KIW84_014907

LOC127078150

Uncharacterized protein

gene-KIW84_015072

LOC127079491

la-related protein 6A

gene-KIW84_015157

LOC127080111

transcription factor GTE9-like
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gene-KIW84 015165

LOC127080134

subtilisin-like protease SBT5.6

gene-KIW84 015216

LOC127080465

U-box domain-containing protein 17

gene-KIW84 015447

LOC127082180

Uncharacterized protein

gene-KIW84 015586

LOC127083228

protein DESIGUAL 2-like

gene-KIW84 015696

LOC127084371

Uncharacterized protein

gene-KIW84 015787

LOC127085075

WAT1-related protein At1g68170-like

gene-KIW84_015874

LOC127085843

probable magnesium transporter
NIPA4

gene-KIW84_020217

LOC127117601

ABC transporter C family member 3-
like

gene-KIWS84 020242

LOC127117616

scarecrow-like protein 21

gene-KIW84 020532

LOC127117829

GTP-binding protein At3g49725,
chloroplastic

gene-KIW84_020607

LOC127117865

Uncharacterized protein

gene-KIW84_020629

LOC127117876

Uncharacterized protein

gene-KIW84_020682

LOC127117895

CBL-interacting serine/threonine-
protein kinase 3-like

gene-KIW84_020710

LOC127117920

probable inactive receptor kinase
At5g10020

gene-KI1W84_020763

LOC127117961

abscisic-aldehyde oxidase-like

gene-KIW84 020767

LOC127117963

structural maintenance of
chromosomes protein 3

gene-KIW84_020902

LOC127118053

protein IQ-DOMAIN 33

gene-KIW84_021046

LOC127118120

peptide-N4-(N-acetyl-beta-
glucosaminyl)asparagine amidase A

gene-KIW84_021246

LOC127118238

folylpolyglutamate synthase-like

gene-KIW84_021336

Protein
Sequence

nascent polypeptide-associated
complex beta subunit

gene-KIW84 021457

LOC127118351

transmembrane 9 superfamily member
2-like

gene-KIW84 021755

LOC127118481

laccase-3-like

gene-KIW84_021949

LOC127118605

NAC domain-containing protein 91-
like

gene-KIW84_022096

LOC127118686

glucose-6-phosphate isomerase 1,
chloroplastic

gene-KIW84_022502

LOC127118937

probable mannitol dehydrogenase

gene-KIW84 022925

LOC127119183

Uncharacterized protein

gene-KIW84 022995

LOC127119224

ubiquitin carboxyl-terminal hydrolase
17
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gene-KIW84 023070

LOC127119265

glutamate--glyoxylate
aminotransferase 1

gene-KIW84 023371

LOC127119423

metalloendoproteinase 2-MMP-like

gene-KIW84_023396

LOC127119441

pyruvate dehydrogenase E1
component subunit alpha,
mitochondrial

gene-KIW84_023612

LOC127119554

probable serine/threonine-protein
kinase PBL3

gene-KIW84_023618

LOC127119555

protein IQ-DOMAIN 29-like

gene-KIW84_023670

LOC127119587

protein NRT1/ PTR FAMILY 2.13

gene-KI1W84 023680

LOC127119594

thioredoxin H3-like

gene-KIW84_023697

LOC127121451

transmembrane emp24 domain-
containing protein p24delta8-like

gene-KIW84 023973

LOC127119744

Uncharacterized protein

gene-KIW84 024260

LOC127119947

kinesin-like protein KIN-14E

gene-KIW84_024264

LOC127119948

probable L-type lectin-domain
containing receptor kinase S.5

gene-KIW84_024351

LOC127120014

phosphoinositide phosphatase SAC7-
like

gene-KIW84_024524

LOC127120175

zinc finger CCCH domain-containing
protein 44-like

gene-KIW84 024640

LOC127120264

sulfite exporter TauE/SafE family
protein 3-like

gene-KIW84 024644

LOC127120269

plant-specific TFIIB-related protein 1

gene-KIW84_025010

LOC127120477

calcium-transporting ATPase 2,
plasma membrane-type-like

gene-KIW84_025027

LOC127120489

telomere repeat-binding factor 2-like

gene-KIW84_030701

LOC127132484

protein transport protein Sec24-like
At3g07100

gene-KIW84 030857

Protein
Sequence

Glycogen synthase kinase-3 MsK-3

gene-KIW84_030888

LOC127132602

Uncharacterized protein

gene-KIW84 031651

LOC127125814

Uncharacterized protein

gene-KIW84_031768

LOC127125875

protein CANDIDATE G-PROTEIN
COUPLED RECEPTOR 7-like

gene-KIW84_031785

LOC127125892

protein SLOW GREEN 1,
chloroplastic-like

gene-KIW84 031998

LOC127126021

long-chain-alcohol oxidase FAO2-like

gene-KIW84_032147

LOC127126108

histone acetyltransferase GCN5

gene-KIW84 032158

LOC127126118

calcium-transporting ATPase 12,
plasma membrane-type
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gene-KIW84 032182

LOC127126133

non-specific lipid transfer protein
GPl-anchored 26-like

gene-KIW84_032400

LOC127126266

protein GIGAS CELL1

gene-KIW84_033006

LOC127126666

Uncharacterized protein

gene-KIW84 033129

LOC127126754

Uncharacterized protein

gene-KIW84_033308

LOC127126895

Uncharacterized protein

gene-KIW84_033358

LOC127126923

probable purine permease 11

gene-KI1W84 033500

LOC127127029

1-aminocyclopropane-1-carboxylate
synthase 2-like

gene-KIW84 033783

LOC127127198

fasciclin-like arabinogalactan protein
10

gene-KIW84 033847

LOC127127241

ethanolamine-phosphate
cytidylyltransferase

gene-KIW84_033875

LOC127127263

protein RETICULATA-RELATED 2,
chloroplastic-like

gene-KIW84_033921

LOC127127297

protein FATTY ACID EXPORT 3,
chloroplastic

gene-KIW84 034086

LOC127127400

receptor protein kinase-like protein
ZAR1

gene-KIW84 034421

LOC127127604

jasmonate-induced oxygenase 4-like

gene-KIW84 034467

LOC127127630

E3 ubiquitin-protein ligase PRT6

gene-KIW84_034537

LOC127127700

vesicle-associated membrane protein
722-like

gene-KI1W84 035000

LOC127127970

protein GRAVITROPIC IN THE
LIGHT 1

gene-KIW84 035015

LOC127127977

GPI ethanolamine phosphate
transferase 1

gene-KIW84 035759

LOC127128365

serine carboxypeptidase-like 45

gene-KIW84 035884

LOC127128473

signal peptide peptidase-like 2

gene-KIW84_040157

LOC127138347

aspartic proteinase-like

gene-KIW84_040230

LOC127138401

temperature-induced lipocalin-1-like

gene-KIW84_040266

LOC127138436

probable cyclic nucleotide-gated ion
channel 5

gene-KIW84_040276

LOC127138445

Uncharacterized protein

gene-KIW84_040599

LOC127138647

eukaryotic initiation factor 4A-15-like

gene-KIW84 040708

LOC127138733

probable pectinesterase/pectinesterase
inhibitor 12

gene-KIW84_040710

LOC127138734

pectinesterase/pectinesterase inhibitor
PPE8B-like
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gene-KIW84 040715

LOC127138738

pectinesterase/pectinesterase inhibitor
PPESB

gene-KIW84_040839

LOC127073169

nudix hydrolase 3

gene-KIW84_040976

LOC127073303

Uncharacterized protein

gene-KIW84_041002

LOC127073321

COMPASS-like H3K4 histone
methylase component WDR5A

gene-KIW84_041400

LOC127073599

probable receptor-like protein kinase
At5g20050

gene-KIW84 041433

LOC127073617

3-ketoacyl-CoA synthase 11-like

gene-KIW84 041638

LOC127073777

protein NEN1-like

gene-KIW84 041641

LOC127073781

galactoside 2-alpha-L-
fucosyltransferase

gene-KIW84_042268

LOC127074213

ethylene-responsive transcription
factor 6-like

gene-KIW84_042337

LOC127074258

pentatricopeptide repeat-containing
protein At4g17616

gene-KIW84 042558

LOC127074391

FRIGIDA-like protein 3

gene-KIW84 042707

LOC127074485

probable disease resistance protein
At5g66900

gene-KIW84 042987

LOC127074662

Uncharacterized protein

gene-KIW84_043194

LOC127074790

Uncharacterized protein

gene-KIW84 043243

LOC127074817

arabinosyltransferase XEG113-like

gene-KIW84_043410

LOC127074932

AP-1 complex subunit mu-2

gene-KIW84_043421

LOC127074939

protein DETOXIFICATION 29-like

gene-KIW84 043536

LOC127075001

transcription factor MY C2-like

gene-KIW84_043674

LOC127075080

probable nucleoredoxin 1

gene-KI1W84 043850

LOC127075188

FBD-associated F-box protein
At4910400-like

gene-KIW84 044170

LOC127075354

probable beta-1,3-
galactosyltransferase 14

gene-KIW84_044279

LOC127075439

ATP-dependent zinc metalloprotease
FTSH 12, chloroplastic

gene-KIW84_044814

LOC127075671

Uncharacterized protein

gene-KIW84_045434

LOC127076061

hydroquinone glucosyltransferase-like

gene-KIW84_045466

LOC127076079

Uncharacterized protein

gene-KIW84_045715

LOC127076260

microtubule-associated protein 70-2-
like

gene-KIW84 045874

LOC127076374

chaperonin CPN60-like 2,
mitochondrial
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gene-KIW84 046107

LOC127076536

1-deoxy-D-xylulose 5-phosphate
reductoisomerase, chloroplastic-like

gene-KIW84 046187

LOC127076602

probably inactive leucine-rich repeat
receptor-like protein kinase
At5g48380

gene-KIW84_046191

LOC127076607

ubiquitin-like-conjugating enzyme
ATG10

gene-KIW84_046230

LOC127076643

Uncharacterized protein

gene-KIW84_046452

LOC127076829

protein FANTASTIC FOUR 3-like

gene-KIW84_050289

LOC127087682

probable protein phosphatase 2C 27

gene-KI1W84 050486

LOC127084980

protein NRT1/ PTR FAMILY 8.1-like

gene-KIW84 050614

LOC127083644

receptor-like protein kinase 7

gene-KIW84_051165

LOC127087826

3-ketoacyl-CoA synthase 10

gene-KIW84 051295

LOC127087949

ruvB-like protein 1

gene-KI1W84 051498

LOC127088158

Uncharacterized protein

gene-KIW84 051761

LOC127078408

vacuolar protein 8

gene-KIW84 051838

LOC127078775

protein DYAD

gene-KIW84 051920

LOC127079116

ultraviolet-B receptor UVR8-like

gene-KIW84 051937

LOC127079124

F-box protein At5939450

gene-KIW84_052287

LOC127081462

Uncharacterized protein

gene-KIW84 052322

LOC127081711

Uncharacterized protein

gene-KIW84_052532

LOC127082716

probable indole-3-pyruvate
monooxygenase YUCCA10

gene-KIW84_052587

LOC127082776

amino acid permease 3-like

gene-KIW84 052853

LOC127083078

Uncharacterized protein

gene-KI1W84 052906

LOC127083128

Uncharacterized protein

gene-KI1W84_ 053024

LOC127083230

E3 ubiquitin-protein ligase SIRP1-like

gene-KIW84_053172

LOC127088038

cytochrome P450 94B3-like

gene-KIW84 053366

LOC127083631

pantothenate kinase 2

gene-KIW84 053394

LOC127083654

Uncharacterized protein

gene-KIW84 053488

LOC127083747

leucine-rich repeat receptor-like
serine/threonine/tyrosine-protein
kinase SOBIR1

gene-KIW84 053676

LOC127083898

protein NRT1/ PTR FAMILY 5.6-like

gene-KIW84 053678

LOC127083899

protein NRT1/ PTR FAMILY 5.6-like

gene-KIW84 053687

LOC127083906

Uncharacterized protein

gene-KIW84_053916

LOC127084122

oxysterol-binding protein-related
protein 1C-like
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gene-KIW84 053958

LOC127084163

tRNA (carboxymethyluridine(34)-5-
0)-methyltransferase

gene-KIW84_054033

LOC127084220

probable pectin methyltransferase
QUA2

gene-KIW84_054172

LOC127084340

calcium uniporter protein 5,
mitochondrial-like

gene-KIW84 054354

LOC127084452

Uncharacterized protein

gene-KIW84 054533

LOC127084587

villin-1

gene-KIW84 054626

LOC127084655

nuclear transcription factor Y subunit
A-1

gene-KIW84_054875

LOC127084850

grpE protein homolog 2,
mitochondrial

gene-KIW84 054967

LOC127084923

reactive Intermediate Deaminase A,
chloroplastic-like

gene-KIW84_055517

LOC127085379

thioredoxin-like 1-2, chloroplastic

gene-KIW84 055994

LOC127085707

putative disease resistance RPP13-like
protein 1

gene-KIW84 056440

LOC127086049

21 kDa protein-like

gene-KIW84 056468

LOC127086073

WPP domain-interacting protein 2-like

gene-KIW84 057569

LOC127086924

signaling peptide TAXIMIN 2

gene-KIW84_057699

LOC127087033

4-hydroxy-3-methylbut-2-en-1-yl
diphosphate synthase (ferredoxin),
chloroplastic

gene-KIW84 057888

LOC127087202

Uncharacterized protein

gene-KIW84_057927

LOC127087239

DNA damage-repair/toleration protein
DRT100-like

gene-KIW84 058075

LOC127087372

beta-galactosidase 1-like

gene-KIW84_058349

LOC127087605

protein NUCLEAR FUSION
DEFECTIVE 4

gene-KIW84 060189

LOC127096666

FACT complex subunit SSRP1

gene-KIW84 060395

LOC127092363

serine carboxypeptidase-like 42

gene-KIW84_060443

LOC127097270

embryonic abundant protein VF30.1-
like

gene-KIW84_060504

Protein
Sequence

putative xyloglucan
glycosyltransferase 12

gene-KI1W84 060618

LOC127092453

Uncharacterized protein

gene-KIW84_060631

LOC127092077

protein phosphatase 2C 53-like

gene-KIW84_060747

LOC127094374

uncharacterized protein At2g39795,
mitochondrial

gene-KIW84 060863

LOC127095929

Uncharacterized protein
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gene-KIW84 061011

LOC127093048

metal-nicotianamine transporter
YSL3-like

gene-KIW84_061032

LOC127090979

casein kinase 1-like protein HD16

gene-KIW84 061216

LOC127092755

auxin efflux carrier component 3-like

gene-KIW84 061276

LOC127091825

E3 ubiquitin protein ligase RIE1

gene-KIW84_061479

LOC127092102

uncharacterized protein At1g03900

gene-KIW84_061882

LOC127097906

glutathione S-transferase L3-like

gene-KIW84_061951

LOC127092766

cystathionine beta-lyase, chloroplastic

gene-KIW84_062104

LOC127098484

probable glycosyltransferase
At5g03795

gene-KIW84_063021

LOC127092646

Uncharacterized protein

gene-KIW84_063137

LOC127093367

geraniol 8-hydroxylase-like

gene-KIW84 063245

LOC127093162

protein SIEVE ELEMENT
OCCLUSION B-like

gene-KIW84_063357

LOC127098197

malate dehydrogenase, cytoplasmic

gene-KIW84_063436

LOC127096575

plasmodesmata-located protein 2-like

gene-KIW84_063727

LOC127093849

Uncharacterized protein

gene-KIW84_063787

LOC127092573

Uncharacterized protein

gene-KI1W84 063904

LOC127098558

bifunctional TH2 protein,
mitochondrial

gene-KI1W84_ 064120

LOC127096863

Uncharacterized protein

gene-KIW84 064140

LOC127091868

protein SEMI-ROLLED LEAF 2

gene-KIW84 064229

LOC127093010

agamous-like MADS-box protein
AGLS80

gene-KIW84 064237

Hypothetical protein

gene-KIW84 064581

LOC127091393

gibberellin receptor GID1B-like

gene-KIW84_064792

LOC127098440

conserved oligomeric Golgi complex
subunit 1

gene-KIW84_064878

LOC127094321

piriformospora indica-insensitive
protein 2-like

gene-KIW84 064939

Protein
Sequence

transmembrane protein, variant 2

gene-KIW84_065180

LOC127097079

Uncharacterized protein

gene-KIW84_065269

LOC127093628

probable membrane-associated kinase
regulator 6

gene-KIW84 065518

LOC127095591

protein argonaute 10-like

gene-KIW84 065536

LOC127098408

early light-induced protein,
chloroplastic

gene-KI1W84 065846

LOC127098250

methylthioribose kinase-like
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gene-KIW84 065914

LOC127091486

glutamate synthase [NADH],
amyloplastic-like

gene-KIW84_066007

LOC127098310

receptor protein kinase-like protein
ZAR1

gene-KIW84 066128

LOC127091222

dihydrolipoyllysine-residue
acetyltransferase component 4 of
pyruvate dehydrogenase complex,
chloroplastic

gene-KIW84_066366

LOC127098094

ABC transporter B family member 6

gene-KIW84 066398

LOC127098123

3-ketoacyl-CoA synthase 19-like

gene-KIW84_066402

LOC127098126

ankyrin repeat-containing protein
ITN1

gene-KIW84 066456

LOC127091590

leucine aminopeptidase

gene-KIW84 066525

LOC127094426

Uncharacterized protein

gene-KIW84_070270

LOC127108170

phragmoplastin DRP1C

gene-KI1W84_070278

LOC127105248

ankyrin repeat-containing protein
At2g01680-like

gene-KIW84 070301

LOC127100443

F-box protein SKIP28

gene-KIW84_070764

LOC127103409

probable inactive receptor kinase
At4g23740

gene-KIW84 071575

LOC127101557

DNA damage-binding protein la

gene-KIW84_071609

LOC127107026

transmembrane 9 superfamily member
1-like

gene-KIW84_071700

LOC127106631

TLC domain-containing protein
At5g14285-like

gene-KIW84 071918

LOC127102426

protein RALF-like 32

gene-KIW84 072233

LOC127108414

lysM domain-containing GPI-
anchored protein 2

gene-KIW84_072546

LOC127101391

2-carboxy-1,4-naphthoquinone
phytyltransferase, chloroplastic

gene-KIW84_073128

LOC127108164

protein DMR6-LIKE OXYGENASE
1-like

gene-KIW84 073399

LOC127106139

BOl-related E3 ubiquitin-protein
ligase 1-like

gene-KIW84 073501

LOC127106705

methyltransferase FGSG_00040

gene-KIW84 074097

LOC127101188

scarecrow-like protein 23

gene-KIW84_074364

LOC127107241

NDR1/HIN1-like protein 1

gene-KIW84_074408

LOC127101638

DNA polymerase |1 subunit B4-like

gene-KIW84 074414

LOC127101639

DNA polymerase |1 subunit B4-like

gene-KIW84_074756

LOC127108258

histone H3.2
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gene-KIW84 075080

LOC127105420

peroxisomal membrane protein 11B

gene-KIW84 075217

LOC127103364

beta-glucuronosyltransferase
GIcAT14A-like

gene-KIW84_075579

LOC127100676

probable CoA ligase CCL6

gene-KIW84 076475

LOC127106062

Uncharacterized protein

gene-KIW84_076894

LOC127107196

calcium-transporting ATPase 9,
plasma membrane-type-like

gene-KIW84_077036

LOC127104924

F-box protein Atlg47056-like

gene-KIW84_077092

LOC127107634

Uncharacterized protein

gene-
KIW84 UN0899

Hypothetical protein
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