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ABSTRACT

This dissertation has two main objectives: (1) morphological and genetic
characterization of a little-studied edible legume native to North America, Apios americana;
and (2) characterization of the soybean (Glycine max) homeodomain leucine zipper (HD-Zip)
transcription factor family (involved in abiotic stress responses), and identification of
candidate genes for dehydration and salt stress. In these projects, next generation sequencing
(NGS) is evaluated as a tool for rapidly characterizing genetic variation (in Apios) and fine-
scale genetic responses to abiotic stress (in soybean).

Apios, commonly called “potato bean,” is a nitrogen-fixing legume that is adapted to
diverse climatic conditions of central and eastern North America. It produces tubers
(modified stem-tubers) that are rich in protein, have a long shelf life under refrigeration (>1
year), contain isoflavones, and have low levels of reducing sugars (potentially making the
tubers useful for fried chips, for example). The plant was once a staple wild-collected food of
Native American Indians, and is now a cultivated crop in Japan and South Korea. William J.
Blackmon and Berthal D. Reynolds evaluated Apios as a new edible tuber crop in the US
during the 1980s. Their breeding efforts during 1985-1994 lead to a collection of improved
genotypes. As of 2010, 53 genotypes remained from Blackmon and Reynolds’ work. As part
of this dissertation project, phenotypic evaluation of these 53 genotypes was performed for
multiple years, in multiple environments (Iowa, Virginia and Pennsylvania), and in three
growing conditions (field, 305-mm [12-in.] pots and 381-mm [15 in.] grow-bags). Twenty
traits were recorded, including 10 aboveground and 10 belowground measurements. There

was significant variation among the genotypes for all but two emergence traits. Several



genotypes produced high yields - up to 1,515 g of tuber yield/plant. Transcriptome
sequencing of multiple tissues from a single genotype generated both a high-quality de novo
reference transcriptome assembly and an expression catalog. Re-sequencing of the leaf
transcriptome from all the genotypes in the collection allowed identification of 58,154 high-
quality SNPs and 39,609 gene expression markers (GEMs). Both SNPs and GEMs revealed
population structure and pedigree relationships in the collection. Transcripts mapped to
Phaseolus vulgaris (another legume in the Phaseoleae clade as Apios, with the same
chromosome number and presumably similar genome structure) helped in building pseudo-
Apios chromosomes. Linkage disequilibrium decay was investigated in the collection using
putative genomic locations of the SNP markers, derived using the pseudo-Apios
chromosomes. Association analysis conducted using SNPs and GEMs identified marker-trait
associations for at least 11 traits. In summary, this study demonstrates accelerated and
holistic (genomic and phenotypic) exploration of an underutilized crop.

The HD-Zip transcription factor family includes genes involved in abiotic stress. HD-
Zip genes are well characterized in Arabidopsis thaliana, but not yet in soybean. As part of
this dissertation project, HD-Zip genes were identified in the soybean genome using
homology searches and Hidden Markov Model guided sequence alignments. Phylogeny
reconstruction enabled placement of HD-Zip sequences into four previously described
subfamilies. Syntenic paralog pairs were retained following polyploidy in G/ycine ~13 Mya.
RNA-Seq analysis identified 20 differentially expressed HD-Zip genes in the roots of
soybean cv. ‘Williams 82’ at least at one of the three time points (1, 6, or 12 hr) under
dehydration and salt stress. This indicates the role of HD-Zip genes in abiotic stress

responses. Expression profiles generated for genes expressed in roots at 0, 1, 6 and 12 hr
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under dehydration and salt stress will serve as an important resource for soybean genomic

studies, and will aid in understanding plant responses to dehydration and salt stresses.



CHAPTER 1. INTRODUCTION

This dissertation has two main objectives: (1) morphological and genetic
characterization of an Apios americana collection; (2) characterization of soybean (Glycine
max) homeodomain leucine zipper (HD-Zip) transcription factor family, which is involved in
abiotic stress responses, and identification of candidate genes for dehydration and salt
stresses. Next generation sequencing (NGS) technologies provide tools to both explore new

crops and more rapidly improve existing crops.

1.1 Need for Domestication of New and Climate-Resilient Crops

With an estimated 805 million hungry people in the world during 2012 - 2014, and
climate change a reality, new and faster improvements are required to increase agricultural
productivity. Great strides were made in increasing the world food production from ~2.94
billion metric tons (BT) in 1961 to ~8.27 BT in 2007'. This increase has been attributed to
both improved cultivars and agronomic practices - with the amount of land available for
farming remaining nearly constant over this time period!. However, increase in world food
production needs to happen even amidst challenges such as climate change - resulting in
extremes of low and high temperatures, decrease in available farmlands, and newly emerging
biotic and abiotic stresses. Hence, improving climate-resilience along with improving
genetics and management practices will be critical.

Fifteen crops provide 90% of the world’s food energy intake, with three of them, rice,

wheat, and maize, making up 60% (www.fao.org). Continuous improvement of these crops



will result in narrowing the genetic base of globally utilized crops, making food supply
vulnerable to biotic and abiotic stresses. Increasing the diversity of staple crops may offer a
hedge against failures of crops that span a limited range of agroecological niches. World
Food Prize winner M. S. Swaminathan has been a strong advocate of biodiversity?, which he
refers to as “evergreen revolution.” He has recently highlighted the importance of
biodiversity and refers readers to important publications such as Lost Crops of the Incas and
Lost Crops of Africa, which have documented the historic role of agrobiodiversity in
ensuring food and health security?. Domestication of new crops is vital to increase

agrobiodiversity.

1.2 Recent Success Stories of Domestication of New Crops

There are several examples of recent successes in domesticating new (underutilized,
orphan, and non-staple) crops. Quinoa (Chenopodium quinoa) breeding has progressed
rapidly in the last 4 to 5 years, along with wide acceptance in the society. Quinoa is described
as a “complete” food because of the high protein content (~15%) and a well-balanced
essential amino acid profile’. United Nations declared 2013 as International Year of Quinoa.
Kevin Murphy and his team have developed a crossing method*, evaluated texture
differences among varieties of cooked Quinoa’, identified cultivars tolerant to soil salinity®,
and performed extensive field evaluations to develop cultivars. Another success story is the
exploration of perennial grains to reduce soil degradation and water contamination
simultaneously’. DeHaan’s research at The Land Institute to domesticate perennial

intermediate wheat grass (Kernza™; Thinopyrum intermedium) has been fairly successful.



Two cycles of phenotypic selection, primarily based on seed yield per head and seed mass,
evaluated across multiple locations and years, showed 77% increase in crop yield®. Palmer’s
grass (Distichlis palmeri), a halophytic (salt-tolerant) perennial crop produces wheat-like
grains with a balanced amino acid profile, is gluten free and has a pleasant nutty flavor. The
plant was a staple food of Cocopah Indians in the western United States, and is currently
being explored as a promising crop in Australia (http://www.nypa.com.au/nypa-wild-
wheat.html). Cactaceae, plants with Crassulacean Acid Metabolism (CAS) are highly
drought tolerant, and species belonging to the genus Opuntia have been promising as a new
vegetable crop” '°. Legumes play a critical role in biological nitrogen fixation. In a recent
study!!, an underutilized legume cover-crop Mucuna pruriens subsp. utilis used in rotation
with corn, improved soil fertility and increased corn yield by nearly 60%. These examples

clearly show that accelerated domestication of new crops is feasible.

1.3 Legumes for Addressing Food Security and Climate Change

The legume family comprises 670 to 750 genera and 18,000 to 19,000 species that
include grain, forage, and agroforestry species'® '*. Grain legumes alone contribute nearly
33% of the dietary protein nitrogen (N) needs of humans'®. The primary dietary legumes
include (in rank order), bean (Phaseolus vulgaris), pea (Pisum sativum), chickpea (Cicer
arietinum), broad bean (Vicia faba), pigeon pea (Cajanus cajan), cowpea (Vigna
unguiculata), and lentil (Lens esculenta)'®. In addition soybean and peanut (Arachis

hypogaea) are also sources of dietary protein for the chicken and pork industries'®. Both of



these legumes are responsible for more than 35% of the world’s processed vegetable oil'>.
Clearly legumes play an important role in contributing to dietary needs of humans.

The legume family has traditionally been divided into three subfamilies:
Papilionoideae, Mimosoideae and Caesalpinoideae'® — though molecular phylogenies now
divide the Caesalpinoideae into several taxa. Of the three subfamilies, the most extensively
explored subfamily is Papilionoideae. This subfamily is further divided into two major clades
(the millettoid/phaseoloid and the galegoid clade), and several smaller, early-diverging
clades, including the genistoid and dalbergioid clades (containing lupin (Lupinus sp.) and
peanut, respectively). The phaseoloid clade, popularly referred to as warm season legumes,
contains many important crops: soybean, pigeon pea, common bean, mung bean (Vigna
radiata), and cowpea, while the galegoid clade (cool season legumes) includes the model
plants Medicago truncatula and Lotus japonicus, as well as alfalfa (Medicago sativa),
chickpea, clover (Trifolium sp.), lentil, and garden pea. In the last five years, genomes of

)17 1819 "and three cool

three warm season legumes (soybean, pigeon pea, and common bean
season legumes (Medicago, Lotus, and chickpea)*® 2! 22, and peanut (http://peanutbase.org)
have been sequenced. Since the species within the Papilionoideae subfamily have high

synteny across the species?® 2+ 2% 26

, it is possible to translate insights gained from genome
sequencing, along with available genomic resources to underexplored legume species. In this
dissertation the genome sequence of different legumes especially common bean has been
extensively utilized for genetic characterization of Apios americana. Genus Apios is an

early-diverging lineage within the phaseoloid legumes, having separated from the remaining

phaseoloids (including e.g. common bean and soybean) ~28 Mya?" %%,



A hallmark of legumes is the ability of nearly 88% of the species to form nodules
with rhizobia, and to fix atmospheric nitrogen in soil by symbiotic nitrogen fixation®.
Generally legumes produce a podded fruit aboveground, and a few of them also produce
tubers belowground. There are at least 54 species of legumes that produce tubers, and of
them 27 species produce edible tubers®’. To the best of our knowledge none of the tuber
legumes have been extensively genetically characterized, and the physiology of tuber
production in legumes is still unknown. Tuberous legumes are valuable to humans and
animals because of their generally high protein and energy (carbohydrate) content. A few of
the tuber producing legumes that are sparsely explored are winged bean (Psophocarpus
tetragonolobu), Mexican yam bean (Pachyrrhizus erosus), kudzu (Pueraria phaseoloides),
morama bean (7Tylosema esculentum), and potato-bean (Apios americana).

In summary, the legume family comprises many species that are rich in
micronutrients, are often resistance to drought, flooding and increased salinity, and can fix
atmospheric nitrogen in the soil through symbiotic nitrogen fixation. Therefore, the legume
family — with many species yet to be explored — appears to be encouraging for addressing

food security and climate change.

1.4 Advances in Genomics as a Toolbox for Accelerating Improvement of Crops

Domestication of underutilized crops is particularly intriguing now because of the

genomics revolution®" 32

. NGS technologies can be utilized to generate genome or
transcriptome assemblies (sequence information), expression catalogs, thousands of

molecular markers - all at an affordable cost, even for a crop with absolutely no prior genetic



information>>

. Combining genetic information with the phenotypic data will further
accelerate development of high yielding cultivars selected for useful traits*?. Susan McCouch
has advocated sequencing all non-duplicate samples in the world’s gene banks, as a way to
mine plant collections and better utilize biodiversity for food security®*. Hence, NGS
technologies have leveled the genomics field for both underutilized and staple crops, and
procedures and methods developed to mine collections of underutilized crops can be helpful
for staple crops as well.

In particular, the NGS technology that is extensively utilized in the present study is
called RNA sequencing (RNA-Seq). RNA-Seq facilitates evaluation of the complete set of
transcripts within a cell, in a high-throughput and quantitative manner. In this method, the
complementary DNA (¢cDNA) produced from the mRNA of a specific tissue, or specific
developmental stage or physiological condition, is sequenced on high-throughput sequencers.
The sequencing data generated are then used to build a transcriptome assembly (reference
sequence); further re-sequencing of the transcriptomes from other samples and aligning them
to a reference allows identification of nucleotide variation (for, e.g., SNPs) in the transcripts;
and sequences from different tissues mapped to a reference assembly will provide gene
expression levels to develop an expression catalog!: 3% 3% 3536 Qverall, RNA-Seq does not
require knowledge of sequence information, and enables de novo reference development,

expression profiling, and simultaneous marker discovery, marker validation and genotyping

of the collection.



1.5 Goals of the Study

In this dissertation, new genomic tools have been evaluated to accelerate the
characterization of a collection of Apios americana, and to thoroughly characterize the
soybean HD-Zip gene family and identify candidate genes for dehydration and salt stress.

Apios americana has been an important plant to humans in North America for
thousands of years, but following European colonization, has not been widely grown. This
may be due to lack of awareness (and promotion) of Apios — and to lack of high-yielding
cultivars, and to lack of markets for the crop. Dr. William J. Blackmon and Mr. Berthal D.
Reynolds, in the 1980s, made the only significant effort toward improvement and
popularization of Apios®”- 3. Blackmon and Reynolds evaluated the food potential of Apios.
They conducted a breeding program during 1985-1994 at Louisiana State University (LSU)
Agricultural Experiment Station in Baton Rouge, LA. In their breeding program, germplasm
was collected from the wild, and hybridized. Selections were then made to develop improved
accessions. They identified several promising accessions. A cultivar LA85-034 produced
high yields of tubers, and Blackmon and Reynolds considered this accession for release to
smallholder farmers in the late 1980s. The breeding program ended in 1994 after Dr.
Blackmon’s retirement.

Blackmon and Reynolds made considerable progress in their breeding program. They
demonstrated that rapid improvement of Apios is possible. This dissertation continues
Blackmon and Reynolds’ work. The primary goals of this dissertation are to (1) perform
phenotypic evaluation of the 53 genotypes remaining from Blackmon and Reynolds’s work -

in multiple years, in multiple environments, and in three different growing conditions



(chapter 2); and (2) develop extensive genomic resources including, a high-quality reference
de novo transcriptome assembly, an expression catalog utilizing six tissues, identify and
genotype molecular markers using RNA-Seq, and perform genetic characterization of the
collection (chapter 3). The ultimate goal of the Apios project is to combine the phenotypic
and genomic data to support cultivar development.

The major goal of this study with respect to Glycine max (soybean) is to perform
characterization of HD-Zip transcription factor family, which plays a significant role in
abiotic stress responses. Candidate genes having roles in dehydration and salt stress are also
identified (chapter 4).

In both the Apios and soybean projects, next generation sequencing is evaluated as a
tool to rapidly explore new crops (e.g. Apios), and to improve cultivated crops (e.g.

soybean).
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2.1 Abstract

Apios (Apios americana Medik.), sometimes called “potato bean,” is a nitrogen-
fixing legume, native to eastern North America, that produces protein-rich tubers at nodes
along belowground stolons. Apios was used as a staple food source by Native Americans
throughout eastern North America and holds promise as a crop. An Apios breeding program
conducted during 1985 to 1994 involved the collection of ~210 wild accessions, followed by
hybridization and selection, with assessments of >2200 lines. Of these, 53 genotypes were
retained for further evaluation. The study reports the phenotypic variation in this collection,
at three locations and under three growing conditions (field, pots, and grow-bags). We found
significant (P < 0.05) variation among the genotypes for 18 of the 20 measured traits under
field conditions, and for seven of 20 traits in pots and grow-bags. Internode length, plant
vigor, and stem diameter at 2 and 5 mo had strong correlations (» > 0.56, P < 0.01) with
belowground yield plant. Four phenotypically distinct clusters of genotypes were evident in
the Apios collection. Several genotypes produced high yields in all locations—up to 1515 g
of belowground tuber yield plant. The superior germplasm identified in this project may be

suitable as cultivars, and will aid in further development of Apios lines as a crop.
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2.2 Introduction

The human population relies on about 20 staple food crops, including cereals, tuber
crops, legumes, sugar crops, coconuts (Cocos nucifera L.), and bananas (Musa acuminata
Colla) (NAS, 1975). Reliance on a small number of plant species for food increases our
vulnerability to catastrophic failures in the food system. Therefore, new crops are of great
interest—particularly if they fill important niches either nutritionally or in agroecosystems.
The edible tuber legume Apios (Apios americana Medik.) was once a staple wild-collected
food source of Native American Indians (Beardsley, 1939; Blackmon and Reynolds, 1986).
The characteristics that may make Apios valuable as a crop include: high nutritional value
(with tubers rich in starch and protein) (Kikuta et al., 2011; Wilson et al., 1987); ease of
cooking; good palatability; a long shelf life under refrigeration (>1 yr); adaptation across a
wide geographical range in the United States and Canada (USDA NRCS, 2013); tolerance to
a wide range of agricultural conditions-from well-drained loam to water-logged and acidic
soils (Musgrave et al., 1991); and ability to fix atmospheric nitrogen through symbiosis with
soil-resident rhizobial bacteria (Parker, 1999).

Apios is commonly called “potato bean,” “Indian potato,” “hopniss,” and “American
groundnut.” It typically grows near creeks, rivers, and lakes. Apios produces both edible
tubers and seeds, with tubers being of primary interest. The taste of tubers has been described
as a mix of boiled peanut (4Arachis hypogaea L.) and Irish potato (Solanum tuberosum L.)
(Carlisi and Wollard, 2005). Tubers have low levels of reducing sugars (Carlisi and Wollard,
2005), and thus make excellent chips. Apios is now grown and used as a food crop in Japan

and South Korea, because of its nutritional benefit relative to potatoes, sweet potatoes
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[[pomoea batatas (L.) Lam.], and taro [Colocasia esculenta (L.) Schott] (Kikuta et al., 2011;
A. Wenger, unpublished data, 2013). The powder from the dried tubers is sold in markets as
“apios powder,” which is used as an ingredient in cookies, doughnuts, dumplings, and bread
(Kikuta et al., 2011). Kikuta et al. (2011) compared the starch from Apios tubers, potatoes,
maize (Zea mays L. ssp. mays), and Japanese arrowroot [Pueraria lobata (Lour.) Merr.], and
found that Apios starch had properties similar to that of the arrowroot starch.

The Apios tubers are rich in proteins, carbohydrates, dietary fiber, and iron (Kikuta et
al., 2011). Wilson et al. (1987) profiled the amino acids in the tubers and seed, and reported
the crude protein to be between 25 and 30% for seeds, and 11 to 14% for tubers on dry
defatted basis. Also, relative levels of essential amino acids were balanced both in the seeds
and tubers, except for cysteine and methionine, which are usually low in legumes (Avraham
et al., 2005). Apios tubers contain a novel isoflavone, genistein-7-O-gentiobioside, which is
deglycosylated to synthesize genistein (Nara et al., 2011). These isoflavones have a potential
role in radical scavenging and antioxidative activity (Nara et al., 2011; Takashima et al.,
2013).

Screening for morphological variation requires a good understanding of the above-
and belowground morphology of plants. The Apios vine varies from 1 to 6 m in length. The
leaves are alternate, odd-pinnately compound, and have three to 11 leaflets (Fig. 1A). Apios
produces stem/stolon tubers, like potato. Unlike potato, however, where only the terminal of
the stolon tip enlarges to produce the tuber, Apios tubers are produced at most nodes along
the stolon (Fig. 1B). A central “mother” (seed) tuber produces several bud meristems at one
end. One or more meristems develop into the aboveground shoot or shoots, while the others

develop into stolons- along which the “child tubers” are produced (Fig. 1B).
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Apios has certain characteristics that makes it challenging for large-scale agriculture.
It requires trellising, emerges late in the spring, and produces tubers that are often small
(~0.02-0.04 m). For maximum yield, it needs to be harvested late in the fall, with
considerable digging required to extract the tubers. Hence, breeding objectives should
include increased yield and child-tuber size, decreased stolon length, and decreased vining
tendency aboveground.

The initial requirement for development of improved cultivars is the collection and
characterization of wild germplasm. The only substantial effort in this direction was by
Blackmon and Reynolds (Blackmon and Reynolds, 1986; Reynolds et al., 1990), who
collected nearly 210 wild Apios accessions from across the United States, with the majority
of them sourced from Louisiana (150), Florida (14), and North Carolina (13). Blackmon and
Reynolds used these in hybridization experiments from 1985 through 1994, and made
preliminary evaluations of >2200 lines at the Louisiana State University Agricultural
Experiment Station in Baton Rouge, LA. Several promising accessions were identified. An
early cultivar, LA85-034, produced a high yield of tubers and was considered for release.
Subsequent trials, on descendants of LA85-034 and other early lines, led to a collection of 53
accessions that remain from the Blackmon—Reynolds breeding work (Blackmon and
Reynolds, 1986; Reynolds et al., 1990).

The germplasm collection, screening, and early breeding efforts during 1985 to 1994
constituted significant steps toward domestication of Apios. The collection used in this study
comprised the 53 remaining genotypes from Blackmon and Reynolds’ work, which had

generally been selected for large child-tuber size, short stolon internodes, and uniform shape.
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We report the first study involving evaluation of trait descriptors and characterization of
phenotypic diversity in this Apios collection with the following objectives:
(1) Characterization of phenotypic variation in the collection, at three locations, and
under three growing conditions (field, pots, and grow-bags).
(i1) Evaluation of 20 descriptors of above- and belowground traits to study the variability
in the collection.
(ii1) Identification of aboveground traits as markers for belowground tuber yield.
(iv) Identification of phenotypic clusters of genotypes in the collection.
(v) Identification of candidate parents and crossing schemes to develop cultivars with

high yield and desired characteristics.

2.3 Materials and methods

2.3.1 Evaluation of Apios Collection under Field Conditions

The collection of 53 genotypes was grown at the North Central Regional Plant
Introduction Station (NCRPIS), Ames, IA, in 2010 for seed tuber increase. During 2011 and
2012, the collection was evaluated in a randomized complete block design with two
replications at NCRPIS, Ames, IA. In 2013 a subset of the collection was evaluated in two
additional locations: 36 genotypes were evaluated in Mechanicsville, VA, and 20 genotypes
in Lititz, PA. The genotypes were evaluated in multiple locations to investigate the effect of
environmental variation on genotype performance, and to identify genotypes that have stable

performances across different locations and in specific locations.
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Individual genotypes were assigned to a single row of 0.9 m, composed of four tubers
sown at a depth of ~0.06 m. The spacing between tubers within a row was ~0.3 m, and
adjacent rows of genotypes were separated by 2.1 m. The soil characteristics and the weather
conditions prevailing at the three locations during the experimental years are given in
Supplemental Table S1. Apios plants were grown on trellises (1.5-m-high remesh wire
panels). Water was mainly supplied by natural rainfall, with supplementary irrigation
provided during extended dry periods. No inorganic fertilizers or herbicides were applied
either before or during the experiment. Tubers were harvested after the growing season had
ended and following a killing frost (late October in all 3 yr). Each genotype was harvested
using a standard digging fork and a five-pronged broadfork, being careful to avoid breaking
the stolons and preventing mixing of tubers belonging to different genotypes. The tubers
were briefly air-dried and then stored in airtight plastic bags at 4°C.

2.3.2 Evaluation of Apios Collection in Pots and Grow-bags

The 53 genotypes of the collection were grown in 305-mm [12-in.] pots during 2011
and 2012, and 381 mm [15 in.] plastic grow-bags during 2012 and 2013 at a neighborhood
farm, in Ames, [A (42°02'04.8" N, 93°37'38.7" W). Three plants per genotype were
evaluated in both pots and grow-bags. The pots and bags were filled with soil to ~80% of
capacity, and the plants were watered at least once a week, to maintain soil moisture. The
characteristics of the soil used in pots and grow-bags are provided in Supplemental Table S1.
The plants were harvested and processed at the end of growing season similarly to the field-

grown plants.
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2.3.3 Descriptors Used to Evaluate the Apios Collection

Based on the Bioversity International descriptors for tuber crops such as potato, yam
(Dioscorea spp.), and sweet potato, 20 traits were selected to evaluate the collection
(IBPGR/CEC, 1985, 1997; IBPGR/CIP/AVRDC, 1991; IPGRI/IITA, 1997) (Table 1). Ten
traits were recorded on the aboveground part of the plant, and 10 belowground traits were
measured after the plants were harvested.

During 2011 and 2012, the 20 traits were used to evaluate the collection grown at
Ames, 1A, under field conditions as well as in the pots and grow-bags. In 2013 the plants
from the grow-bags were evaluated with 10 belowground measurements. Four selected
belowground traits were used to evaluate plants grown in Mechanicsville, VA, and Lititz, PA
(Supplemental Table S2).
2.3.4 Restricted Maximum Likelihood based Estimation of Variances

Restricted maximum likelihood (REML) (Patterson and Thompson, 1971)
implemented in JMP Version 10 (SAS Institute Inc.) was used to estimate the variance
components and the associated standard errors for traits. Restricted maximum likelihood
analysis was performed on (i) 20 traits from the Ames, IA, trials conducted during 2011 and
2012; (i1) four yield-related traits recorded in Ames, 1A, 2011 and 2012, and in 2013 in
Mechanicsville, VA, and Lititz, PA—a total of four environments, 2 yr in IA, and 1 yr each
in VA and PA; and (iii) 19 traits recorded on plants grown in pots and grow-bags, during
2011 to 2013 at Ames, IA.

For Analysis 1, year was treated as a fixed effect, whereas replicate within year,
genotype, and genotype x year interaction were treated as random effects. Year was

considered fixed because the experiment was conducted for only 2 yr, and years were not
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randomly chosen (Piepho et al., 2003). For Analysis 2, environment was treated as a fixed
effect, and replicate within environment, genotype, and genotype x environment interaction
were treated as random effects. Environment was treated as a fixed effect because they were
selected, that is, not randomly chosen, and the interest was to compute means for each
environment, and compare the performances between environments (Piepho et al., 2003). For
Analysis 3, REML was initially conducted separately on both pot and grow-bag data sets to
determine variance component due to genotype under each of the conditions. Subsequently,
REML analysis was conducted with treatment (pots vs. grow-bags) as fixed effect, and
replicate within treatment, genotype, and genotype x treatment interaction as random effects.
The phenotypic variance and broad-sense heritability for each of the traits were estimated as
described in Fehr (1987). The REML-based least square (LS) means were calculated for each
genotype and traits.
2.3.5 Multivariate Analyses

The multivariate analyses involving summary statistics, correlations and rank
correlations, hierarchical clustering, and principal component analysis (PCA) were
performed using REML- based LS means in R 2.15.2 (R Core Team, 2012). The description
of R functions and packages used in the analyses are provided in the Supplemental Table S3.
The top 10% of the highest performers in each of the environments were compared by means
of Venn diagrams plotted using VENNY (Oliveros, 2007).

The genotypic diversity and the presence of subgroups in the collection were
investigated using hierarchical cluster analysis and PCA. Both the cluster analysis and the
PCA were performed on a scaled data set. The Euclidean distance matrix was generated

using the transformed data set, and the intercluster distance was estimated with the Wards



21

(Ward, 1963) linkage method. A two-dimensional PCA plot of Principal Component (PC) 1

vs. PC2 was used to investigate phenotypic diversity.

2.4 Results and discussion

2.4.1 Variance Components and Broad-sense Heritability of Traits in Field Experiments

In the field trials conducted at Ames, 1A, during 2011 and 2012, the genotype x year
interaction was significant (P < 0.05) for one of the 20 traits (tuber-to-tuber distance) (Table
2). Hence, the mixed model without the genotype x year interaction was used to estimate
variance components and LS means for each trait across both years (Bhargava et al., 2007).
The year effect was significant (P < 0.05) for five aboveground traits (emergence time and
first leaf emergence, leaflets recorded 2 and 5 mo after planting, and soil plant analysis
development [SPAD]) and two belowground traits (yield plant and tuber-to-tuber distance).

The genotypic variance component was significant (P < 0.05) for 18 of the 20 traits,
which indicated substantial amounts of phenotypic variation among the genotypes (Table 2).
The variance component across the genotypes was nonsignificant for emergence time and the
first leaf emergence. Differences were noticed among individual plants within a genotype for
these two traits (data not shown). Similar results have been observed in the previous studies
conducted by Blackmon and Reynolds (1986) and Reynolds et al. (1990). The reason for
variation in emergence times among individual plants within a genotype is yet to be
determined, and will be important to understand as production is scaled up.

The variance component for replicate within year was nonsignificant for all the traits

(Table 2). The broad-sense heritability was highest (85%) for leaflets recorded 5 mo after
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planting, and lowest (32%) for the first leaf emergence. Fourteen of the 20 traits had broad-
sense heritability >61% (Table 2).

The environmental effect was significant (P < 0.01) for each of the four traits (yield
plant, tubers plant, mother tuber weight, and child tuber weight) recorded at four
environments (Ames, 1A, 2011 and 2012, Mechanicsville, VA, and Lititz, PA) (Table 3). The
genotypic variance was also significant (P < 0.05) for all four traits. The genotype x
environment interaction was significant (P < 0.01) for three of the four traits (yield plant,
tubers plant and mother tuber weight) and was not significant for child tuber weight. The
broad-sense heritability ranged from 0.51 to 0.65 (Table 3). Similar results were obtained
after excluding the relatively smaller data set from Lititz, PA, with the exception that the
environmental effect for mother and child tuber weight was nonsignificant (P < 0.05) (data
not shown).

To summarize, under field conditions we observed significant variation among the
genotypes for all the traits evaluated except for emergence time and first leaf emergence. The
high broad- sense heritability values for most of the traits demonstrated the repeatability of
measurements across replicates, years, and environments, indicating the effectiveness of the
phenotypic descriptors used in this study.

2.4.2 Variance Components and Broad-sense Heritability of Traits in Pots and Grow-
bags Experiment

In the evaluations conducted in pots, the year effect was significant (P < 0.05) for 15
of the 19 traits (Supplemental Table S4). The four remaining traits (internode length, plant
vigor, tubers plant, and child tuber length) did not have significant year effect. The genotypic

variance was significant (P < 0.05) for three aboveground measurements (stem diameter
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recorded 2 and 5 mo after planting, and leaflets recorded 2 mo after planting), and three
belowground measurements (mother tuber weight, length, and width). The broad-sense
heritability was >0.48 for six of the 19 traits.

In the experiment conducted in grow-bags, the year effect was significant (P < 0.05)
for five traits (tubers plant, mother tuber weight, length, and width, and child tuber length).
The rest of the five belowground measurements did not have significant year effect
(Supplemental Table S4). The genotypic variance was significant (P < 0.05) for two
belowground measurements: tubers plant and mother tuber length. The broad-sense
heritability for tubers plant and mother tuber length was 0.64 and 0.45, respectively, and the
rest of the traits had low broad-sense heritability values.

In the combined pots and grow-bags analysis, the treatment effect (pots vs. grow-
bags) was significant (P < 0.05) only for yield plant (Table 4). The average yield in the grow-
bags was 154 g, whereas in the pots it was 70 g. The genotypic variance was significant (P <
0.05) for four aboveground measurements (ground to first leaf, internode length, and leaflets
recorded 2 and 5 mo after planting), and three belowground measurements (mother tuber
weight, length, and width). The genotype x treatment interaction was not significant for each
of the traits. The broad- sense heritability was >0.49 for seven of the 19 traits, whereas the
rest of the traits had lower broad-sense heritability values.

In summary, the growth of genotypes in pots and grow-bags was not as uniform as
under field conditions, and further experiments will be required to determine whether the
growth of the Apios plants is limited in pots and grow-bags due to restricted space, nutrient

limitations, or other stressors.
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2.4.3 Summary Statistics of the Traits Evaluated on the Apios Collection

The summary statistics for 20 traits from the 2011 and 2012 Ames, IA, trials showed
that tubers emerged 6 to 7 wk after planting, and the first leaf emerged a week later (Table 5).
On average, there were five to seven leaflets per petiole. However, on individual plants
within a given genotype, there were three to 11 leaflets (data not shown). The yield plant
ranged from 183 to 537 g, with an average of 281 g. The number of tubers plant varied from
11 to 38, with an average of 19.

For the four traits evaluated at four environments, the mean as well as the maximum
value was highest at Mechanicsville, VA, for yield plant (1057 g, 1515 g), tubers plant (56,
85), and mother tuber weight (184 g, 467 g), whereas the child tuber weight had highest
average (49 g) and maximum (77 g) value in Ames, IA, in 2012 (Table 6).

In the field trials conducted in Ames, 1A, during 2011 and 2012, Mechanicsville, VA,
and Lititz, PA, the average yield plant was 174, 389, 1057, and 92 g, respectively. The top
10% of the high-yielding genotypes produced an average yield plant of 390, 627, 1393, and
146 g in these same four environments, respectively. Genotype 1972 was the highest yielding
in all four environments, with yield plant values of 453, 681, 1515, and 164 g, respectively.
The yields of the better-yielding lines are thus comparable to other tropical (sweet potato,
cassava [Manihot esculenta Crantz], and yam [Dioscorea]) and temperate (potato) tuber and
root crops (FAOSTAT, 2013). We believe the top 10% of the high-yielding genotypes in the
four environments, and particularly the ones that performed well in more than one
environment, are suitable for small-scale production. Apios may benefit resource-limited

farmers, as it produces high yields of nutrient-dense food in small areas. Markets and
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increased public acceptance for this promising species will follow exposure to the crop,
particularly as market gardeners gain access to higher-yielding varieties.
2.4.4 Phenotypic Correlations among the Above- and Belowground Traits

In the 2011 and 2012 Ames, IA, field trials, leaflets measured 2 mo after planting had
high positive associations (» > 0.57, P < 0.01) with the three mother tuber measurements
(weight, length, and width), suggesting that the mother tuber plays a vital role in early stages
of plant growth (Fig. 2 and Supplemental Table S5).

The four aboveground traits (internode length, plant vigor, and stem diameter
measured at 2 and 5 mo after planting) had high positive correlations (» > 0.56, P < 0.01)
with yield plant. In addition, internode length, plant vigor, and stem diameter measured 5 mo
after planting were also highly correlated (» > 0.51, P < 0.01) with the three child tuber
measurements (weight, length, and width), and the mother tuber length. The stem diameter
measured 2 mo after planting had a positive association (» > 0.50, P < 0.01) with two mother
tuber measurements (weight and length), three child tuber measurements (weight, length, and
width), tuber-to-tuber distance, and stolon length. The stem diameter measured 5 mo after
planting also had a positive association (> 0.53, P < 0.01) with tuber-to-tuber distance.

Similar correlations are known in other tuber and root crops, such as a positive
correlation between internode length and tuber yield per hectare in sweet potato (Choudhary
et al., 2000). Larger stem diameter corresponding to higher yield is observed in cassava
(Sankaran et al., 2008), and higher plant vigor is associated with higher tuber yield in potato
(Golmirzaie and Ortiz, 2002; Ortiz and M. Golmirzaie, 2003).

Identification of aboveground traits that can serve as a proxy for belowground yield

will aid in early identification of high-yielding genotypes. In the current evaluations, stem
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diameters were positively associated with both desirable (yield plant) and undesirable (stolon
length and tuber-to-tuber distance) traits. Therefore, internode length and plant vigor, both of
which have strong phenotypic correlation and also genetic correlation (0.71 and 0.77 [data
not shown]) with the belowground yield, can be used as proxy traits for belowground yield.

Plant vigor, recorded 5 mo after planting, may provide an indication of high-yielding
plants. However, it would be useful to test whether the plant vigor recorded at the beginning
of the growing season could also be highly correlated with yield. The relationship between
early plant vigor and high yield has been well established in potato (Golmirzaie and Ortiz,
2002; Ortiz and M. Golmirzaie, 2003). This will eventually aid in short-listing two traits that
can be used during emergence and elongation of the vine, for selection of high-yielding
plants.
2.4.5 Phenotypic Correlations among the Four Traits Recorded in Four Environments

The correlation analysis between the same traits across the four environments yields
six pairwise comparisons for each trait. The yield plant and tubers plant were significant (P <
0.05) in five of the six pairwise comparisons, whereas the mother tuber and child tuber
weights had all six pairwise correlations statistically significant (Table 7). The child tuber
weight correlation coefficients ranged from 0.95 to 0.97, which indicates relatively similar
performances of the genotypes in the collection for child tuber weight across all four
environments.

Twelve of the 16 pairwise comparisons generated from correlations between mother
tuber weight and tubers plant in individual environment and across the four environments are
significantly (P < 0.05) negatively correlated, which suggests that plants with large mother

tubers make fewer child tubers. Similarly, the yield plant was significantly (P < 0.05)
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correlated with child tuber weight in 14 of the 16 pairwise comparisons. Thus, yield plant
and child tuber weight are strongly correlated within as well as across environments.

Evaluation of Apios germplasm in four environments indicated the use of the trait
“child tuber weight” as a secondary trait for selecting high-yielding Apios genotypes. The
child tuber weight and yield plant are strongly positively correlated within and across
environments, and the genotype x environment interaction is not significant for child tuber
weight. The broad-sense heritability of child tuber weight (0.65) is higher than that of the
yield plant (0.51). Hence, based on the results obtained in this study, the selection of Apios
genotypes for higher yield can be efficiently pursued by selecting genotypes with higher
child tuber weight.
2.4.6 Rank Correlations of the Four Traits Recorded in Four Environments

The estimation of rank correlations and the comparison of top 10% of the performers
for yield plant, tubers plant, mother tuber weight, and the child tuber weight recorded in four
environments identifies genotypes with stable performances across the environments. The
rank correlation was significant (P < 0.05, » > 0.52) for all four traits measured in Ames, IA,
2011 and 2012 (Table 8). The mother tuber weight had significant (P < 0.05) rank correlation
between measurements made in Ames, IA, 2011 and Mechanicsville, VA (» = 0.37), and
Ames, 1A, 2012 and Mechanicsville, VA (» = 0.30). Similarly, the child tuber weight had
significant rank correlation (» = 0.29) between measurements made in Ames, [A, 2012 and
Mechanicsville, VA.

The genotypes in the top 10% based on their performances for traits at each of the
four environments are shown in Fig. 3. Genotype 1972 was the highest yielding in all four

environments, and it also had highest values for child tuber weight in all four environments.



28

Genotypes 807 and 898 were among top 10% for tubers plant in three environments each.
Genotype 1661 was in the top 10% for mother tuber weight in three environments. Genotype
1849 was in the top 10% for child tuber weight in all four environments. Thus, genotypes
that occur in the top 10% have stable performances across different environments, with a few
exceptions. For instance, Genotype 2155 and 2201 were among the top 10% for yield plant
only at Ames, IA, in 2012. In short, the Apios collection contained genotypes that performed
in a stable manner across all environments and some that excelled only in specific
environments.
2.4.7 Hierarchical Clustering Analysis

The hierarchical clustering analysis on data from the 2011 and 2012 Ames, IA, trials
grouped the genotypes based on similarities in the performance of the traits recorded. The
collection was subdivided into two phenotypic subgroups (Fig. 4). Subgroup A mainly
included genotypes that emerged early and had high values for most of the traits recorded,
whereas subgroup B contained genotypes that emerged late and had low values for most of
the traits measured. Subgroups A and B were further subdivided into two clusters each and
had biological basis (Fig. 5 and 6). Clusters A1 and A2 separated the high-performing
genotypes into groups based on belowground growth patterns. Cluster Al contained
genotypes that produced large mother tubers with short stolons and few child tubers (Fig. 5
and 6), while Cluster A2 comprised genotypes that had high yield plant (stolons and tubers),
and also had the highest mean values for all belowground traits except for the mother tuber—
related measurements (Fig. 5 and 6). The mean of the Cluster A1 had highest value for three
aboveground traits, leaflets measured 2 and 5 mo after planting, and SPAD, while Cluster A2

had highest average values for five aboveground traits (ground to first leaf, internode length,
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stem diameter measured 2 and 5 mo after planting, and plant vigor), and lowest value for
SPAD. The Clusters Bl and B2 mainly represented intermediate and poorly performing
genotypes, respectively. Cluster B2 had the smallest mean for all the measurements except
for three traits (SPAD, tubers plant, and stolon length), whereas cluster B1 had intermediate
mean value for all but six traits (ground to first leaf, SPAD, tubers plant, tuber-to- tuber
distance, stolon length, and child tuber length). Overall, the cluster analysis identified four
distinct clusters in the Apios collection.
2.4.8 Principal Component Analysis

The PCA was used to reduce the dimensionality by identifying traits that adequately
explained most of the phenotypic variation observed at Ames, IA, during 2011 and 2012. We
analyzed four PCs that explained a total of 74% of the variation (Table 9). The PC1 was
comprised primarily of the internode length, stem diameter measured 2 and 5 mo after
planting, plant vigor, yield plant, and child tuber weight, length, and width. These eight traits
represent high-yielding Apios genotypes. The PC2 had negative contributions from four
traits: leaflets measured 2 mo after planting, the three mother tuber—related measurements
(weight, length, and width); and had positive contributions from two traits: tubers plant and
the stolon length. The PC2 is, interestingly, a contrast between the two types of high-
performing groups based on the distinct belowground growth patterns. The traits that
contributed to PC2 represented the characteristics of the genotypes that make bigger mother
tubers, shorter stolons, and a smaller number of child tubers. The PC3 had major
contributions from emergence time and first leaf emergence, whereas the PC4 had

contributions from leaflets measured 5 mo after planting and tuber-to-tuber distance. In
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summary, based on the PCA results, 14 traits explained most of the variation observed
(59%), and can be effectively utilized in multienvironment trials.

Principal component analysis was also used to investigate the phenotypic diversity in
the collection. A plot of PC1 vs. PC2 divided the collection into four groups representing two
generally high-performing groups (i.e., highest average values for most of the traits), an
intermediate-, and a poorly performing group (Fig. 7). These results agree with the cluster
analysis, with the exception of two genotypes. Genotype 1587 has a higher yield plant and
thus belongs to a cluster of high-yielding genotypes as classified by cluster analysis; yet most
of the other traits, such as internode length, stem diameter recorded 2 and 5 mo after
planting, and child tuber weight, classify this genotype in the intermediate group in
accordance with PCA. Similarly, Genotype 1846 has a mixed response for most of the traits,
yielding conflicting PCA and clustering results.

To summarize, both PCA and the clustering analysis identified four clusters in the
collection with distinct phenotypes, thereby providing clues for the selection of suitable
genotypes with desired phenotypes, and suggesting future crossing schemes.

2.4.9 Candidate Genotypes and Potential Crossing Schemes for Developing the First
Cultivars of Apios

The prime objective of our Apios breeding program is to develop high-yielding
cultivars with desirable traits: large child tubers, shorter stolons, and lower tuber-to-tuber
spacing. The top 10% of high-yielding genotypes at one or multiple environments
investigated in this study are genotypes 1972, 2191, 898, 2127, 1849, 2155, 2201, 1970, and
2065 (Fig. 3A). These may serve as a source of parents for developing higher-yielding

cultivars. A common standard procedure for improving yield plant beyond the current level,
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is by making a “good x good” cross (Fehr, 1987). However, it is important to select
genetically diverse genotypes to retain the genetic variability in the high-yielding cultivar.
Apios may exhibit hybrid vigor. This would be apparent as a positive relationship between
the yield of the plant and its level of heterozygosity. This association has been previously
observed in other clonally propagated heterozygous plant species, including potato (Fehr,
1987; Ortiz and M. Golmirzaie, 2003). High levels of heterozygosity were found in a set of
eight randomly chosen genotypes from the Apios collection using single nucleotide
polymorphism markers (Cannon and Belamkar, unpublished data, 2013). Clonal propagation
can be taken advantage of to produce increases of desirable heterozygous lines. A
heterozygous cultivar x cultivar cross results in a segregating population, and the seeds from
this cross can be planted, giving new clonal lines that can be screened for high-value lines,
which can then be maintained as new cultivars (Fehr, 1987).

The shorter-stolon trait, with intermediate tuber-to-tuber distance, is characteristic of
the genotypes that belong to the first high-performing cluster (Fig. 4 and 5). A plausible
strategy for breeding a heterozygous population of high-yielding genotypes with shorter
stolon length and lower tuber-to-tuber spacing would be to make crosses of genotypes from
the first cluster as donor parent (1661, 2170, 1908, 2179, 2148, 2010) with high-yielding
genotypes (1972, 2191, 898, 2127, 1849, 2155, 2201, 1970, 2065) (Fig. 3A) as recurrent
parents, using a modified backcross for clonally propagated heterozygous plant species
(Fehr, 1987). Similarly, the use of genotype 807 or 898, which consistently produce a large
number of smaller child tubers (Fig. 3B) as the donor parent and high-yielding genotypes as
recurrent parents, may result in high- yielding genotypes with a large number of bigger child

tubers.
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Apios has long been an important wild food source and has potential as a new crop
(Beardsley, 1939; Reynolds et al., 1990). In an era of global food insecurity and climate
change, potential new crop plants have heightened value. Exceptional qualities - including
the ability to fix nitrogen, reasonable resistance toward biotic and abiotic stresses, high
protein content, long shelf life of the tubers, potential for medicinal applications, a highly
diverse collection, and existence of high-yielding genotypes - all make Apios a strong

candidate for continued work toward domestication, and use as a novel crop.

Supplemental Information Available

Supplemental Tables S1-S5 provides the following information:

(1) Soil characteristics and the weather conditions at Ames, IA during 2011-2012, and
Mechanicsville, VA and Lititz, PA in 2013.

(2) Phenotypic data associated with each of the experiments described in this study.

(3) R functions and packages used for statistical analyses.

(4) Variance estimates and broad-sense heritability estimated separately for pot and
grow-bag experiments.

(5) Correlation coefficients with significance values among the 20 traits measured on the

Apios collection in Ames, IA 2011-2012.
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Figure 1. The morphology of field grown Apios plants in 2012 (A) Above-ground
morphology of genotype 2155 - five months after planting at North Central Regional Plant
Introduction station (NCRPIS) in Ames, IA (B) Below-ground morphology showing tubers
and stolons of four Apios genotypes (1972, 1849, 898 and 807) after harvest at Ames, IA.
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Figure 3. Comparison of top 10% of the Apios genotypes for the four traits evaluated in
Ames, IA during 2011 and 2012, Mechanicsville, VA and Lititz, PA in 2013 (A)
Yield/plant (B) Tubers/plant (C) Mother tuber weight (D) Child tuber weight.
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Figure 4 are shown in blue, green, purple and red respectively. Each colored line shows

Apios collection at Ames, IA during 2011 and 2012. Clusters Al, A2, Bl and B2 from
average response of genotypes of a cluster, for each of the traits.

Figure 5. A parallel coordinate plot of the four clusters-means for each trait measured on the
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Table 1. Description of morphological and yield-related descriptors used for evaluating Apios collection at Ames, IA during 2011
and 2012, Mechanicsville, VA and Lititz, PA in 2013.

Trait class Trait, unit Descriptor
Emergence Time, week Number of weeks from planting to emergence of the vine
First leaf, week Number of weeks from planting to emergence of the first opened leaf
Shoot morphology Ground to first leaf, cm Distance from ground to the first leaf
Internode length, cm Average of three internode lengths (first to fourth node)
Stem diameter - 2 and 5 Diameter of the stem (at the ground level) measured two and five
months, mm months after planting
Plant vigor', units Relative vigor recorded as low (1), intermediate (2), and high (3) five
months after planting
Leaf morphology and Leaflets - 2 and 5 months, Average number of leaflets per petiole measured two and five months
chlorophyll count after planting
Soil plant analysis SPAD chlorophyll measurements recorded on the 3" or 4™ leaf (from
development the shoot tip) of the plant five months after planting. SPAD
(SPAD) ', SPAD units measurements indicate plant health through measurement of chlorophyll
content of the leaves
Yield Yield/plant'™, g Total mass of the below-ground portion, which includes stolons and
tubers, per plant
Tubers/plant™, count Number of tubers per plant
Stolon morphology Tuber-to-tuber distance, cm  Ratio of distance between tubers on a long stretch of stolon and the
number of tubers within that distance
Stolon length, cm Approximate length of the stolon
Mother tuber Weight*, length and width, g Weight, length and width of the mother tuber
Child tuber Weight*, length and width, g Weight, length and width of the largest child tuber

"Multiple measurements made on these traits on a whole plot basis, unlike other traits, which were recorded on individual plants in

the plot.

Traits used to evaluate the subset of the Apios collection at Mechanicsville, VA and Lititz, PA in 2013.
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Table 2. REML variance component estimates’, standard error (S.E.), and broad-sense heritability (H?) of morphology and yield-
related traits measured on the Apios americana collection at Ames, IA during 2011 and 2012.

Trait R/Y S.E. G S.E. Error S.E. p H?

Emergence time, week 0.09"st 0.11 0.15™ 0.09 0.90 0.11 0.37 0.40
First leaf emergence, week 0.06™ 0.07 0.09" 0.06 0.72 0.09 0.27 0.32
Ground to first leaf, cm 0.30™ 0.52 2.66° 1.13 11.10 1.30 5.43 0.49
Internode length, cm 0.14" 0.21 2317 0.63 3.21 0.38 3.11 0.74

Stem diameter - 2 months, mm 0.03" 0.03 0.10" 0.03 0.15 0.02 0.14 0.73
Leaflets - 2 months, count 0.01™ 0.01 0.28" 0.07 0.31 0.04 0.36 0.78
Plant vigor, units 0.01™ 0.01 0.12" 0.04 0.24 0.03 0.18 0.67

Leaflets - 5 months, count 0.02™ 0.02 0.28" 0.07 0.19 0.02 0.33 0.85
Stem diameter - 5 months, mm 0.10™ 0.12 0.29™ 0.10 0.83 0.10 0.49 0.58
SPAD, SPAD units 0.00™ 0.10 2.19" 0.74 5.32 0.63 3.52 0.62
Yield/plant, g 1462.99™ 1710.11 9517.60 2505.81 11705.75 1377.89 12444.04 0.76

Tubers/plant, count 499" 6.87 44.20™ 13.87 91.81 10.84 67.15 0.66
Tuber-to-tuber distance, cm 0.00" 0.01 1.62°" 0.49 3.23 0.38 2.43 0.67
Stolon length, cm 5.09™ 24.77 200.32" 98.13 1004.25 118.75 451.39 0.44

Mother tuber weight, g 554.04™ 580.85 117635 312.15 141890 167.67 1531.07 0.77
Mother tuber length, cm 0.20" 0.21 0.72" 0.18 0.69 0.08 0.90 0.81
Mother tuber width, cm 0.22" 0.23 0.67°" 0.16 0.58 0.07 0.81 0.82
Child tuber weight, g 31.33™ 37.87  143.79™ 44,54 305.08 35.76 220.06 0.65

Child tuber length, cm 0.01™ 0.04 0.60"" 0.17 1.02 0.12 0.85 0.70
Child tuber width, cm 0.07™ 0.08 0.13" 0.05 0.45 0.05 0.24 0.53

'R, replicate; Y, year; G, genotype; P, phenotype.
ins, not significant at the 0.05 probability level.
*Significant at the 0.05 probability level.
*Significant at the 0.01 probability level.

14%



Table 3. REML variance component estimates’, standard error (S.E.), and broad-sense heritability (H?) of four yield-related traits

measured on the Apios americana collection at Ames, IA during 2011 and 2012, Mechanicsville, VA and Lititz, PA in 2013.

Trait R/E S.E. G S.E. GXE S.E. Error S.E. P H?

Yield/plant, g 1144.06™* 1204.84  5337.72° 2653.03 14796.19" 3896.11 12155.69 1964.23 10556.23  0.51
Tubers/plant, count 4.08™ 5.02 40.74™ 15.80 71.19% 21.02 80.10 12.72 68.55 0.59
Mother tuber weight, g 396.58™  345.80 1228.42™ 439.68 2281.49™ 495.54 1220.98 192.86 195142  0.63
Child tuber weight, g 22.67™ 23.70 72.70° 28.36 24.14™ 31.06 268.75 34.23 11233  0.65

'R, replicate; E, environment; G, genotype; P, phenotype.
ins, not significant at the 0.05 probability level.
*Significant at the 0.05 probability level.

“*Significant at the 0.01 probability level.
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Table 4. REML variance component estimates’, standard error (S.E.), and broad-sense heritability (H?) of morphology and yield-
related traits measured on the Apios americana collection grown in 304.8 mm [12 in.] pots and 381 mm [15 in.] grow-bags at

Ames, 1A during 2011-2013.

Trait R/T S.E. G SE. GXT  S.E. Error S.E. P H

Emergence time, week ~ 0.40 " 0.62 0.01" 0.26 0.69" 0.57 1.89 0.46 0.83 0.01

First leaf emergence, week 0.12™ 0.22 0.25" 0.27 0.53" 0.55 1.82 0.47 0.97 0.25
Ground to first leaf, cm 1.60™ 2.81 9.34" 4.36 8.66™ 6.85 19.52 5.25 18.55 0.50
Internode length, cm 0.29™ 0.56 1.517 0.71 0.00" 1.07 5.55 1.14 290 0.52

Stem diameter - 2 months, mm 0.18™ 0.25 0.04 ™ 0.03 0.07™ 0.04 0.11 0.02 0.10 0.36
Leaflets - 2 months, count 0.34™ 0.49 0.28" 0.08 0.00" 0.06 0.39 0.07 0.37 0.74
Plant vigor, units 0.01™ 0.02 0.00" 0.02 0.03" 0.04 0.20 0.04 0.06 0.00

Leaflets - 5 months, count 0.08™ 0.13 0.13" 0.05 0.00™ 0.06 0.39 0.07 0.22 0.57
Stem diameter - 5 months, mm 0.63™ 0.90 0.04 " 0.05 0.14" 0.08 0.29 0.06 0.18 0.22
Yield/plant, g 202.98™  238.59 0.00"™ 150.60 180.95™ 256.28 1826.84 256.25  547.19 0.00

Tubers/plant, count 2.65™ 3.23 7.77" 4.42 7.921 4.99 30.01 4.21 19.22 0.40
Tuber-to-tuber distance, cm 0.30™ 0.44 0.00" 0.48 0.19" 0.88 6.96 0.99 1.83 0.00
Stolon length, cm  75.35™ 88.35 11.37™  47.19 0.00"  78.76  637.94 90.92 170.86 0.07

Mother tuber weight, g 873.78™  883.75  213.86"  70.51 0.00™  59.82  515.77 72.29  342.80 0.62
Mother tuber length, cm 0.58™ 0.59 0.33" 0.10 0.00" 0.08 0.69 0.10 0.50 0.65
Mother tuber width, cm 0.61™ 0.62 0.19" 0.06 0.00" 0.05 0.46 0.06 0.31 0.63

Child tuber weight, g 11.83™ 13.49 471" 4.67 0.00™ 8.27 86.32 12.12 26.29 0.18

Child tuber length, cm 0.04 ™ 0.05 0.06™ 0.05 0.00™ 0.08 0.84 0.12 0.27 0.23

Child tuber width, cm 0.07™ 0.08 0.03" 0.03 0.00" 0.05 0.53 0.07 0.16 0.19

'R, replicate; T, treatment; G, genotype; P, phenotype.

Ins, not significant at the 0.05 probability level.
“Significant at the 0.05 probability level.
*Significant at the 0.01 probability level.
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Table 5. REML based estimates of LS means, ranges, standard deviation (SD), and coefficient of variation (CV) of 53 Apios

genotypes for 20 descriptors evaluated in Ames, 1A during 2011 and 2012.

Trait Mean + SEM' Min. Min. - Genotypes' =~ Max. Max. - Genotypes® SD CV

Emergence time, week 6.9+0.0 6.5 2121, 898 7.5 1985, 2183 02 00
First leaf emergence, week 7.5+0.0 7.2 2192, 898 7.9 2183, 1985 02 00
Ground to first leaf, cm 53+0.2 34 807, 2065 8.1 1846, 2121 1.1 0.2
Internode length, cm 73+0.2 4.6 2136, 2065 9.6 1661, 2174 1.3 02

Stem diameter - 2 months, mm 29+0.0 2.2 807, 1985 3.6 1972, 2141 0.3 0.1
Leaflets - 2 months, count 59+0.1 4.8 807,2110 7.4 1661, 1372 0.5 0.1
Plant vigor, units 1.6 £0.0 1.2 2183 2.2 2155, 2190 03 02

Leaflets - 5 months, count 5.7+0.1 4.8 2110, 2065 6.7 1661, 1578 0.5 0.1
Stem diameter - 5 months, mm 55+0.1 4.8 807, 2175 6.4 2155, 2161 04 0.1
SPAD, SPAD units 294+0.2 26.4 2012, 2136 31.8 2110, 2210 1.2 0.0
Yield/plant, g 281.0£11.6 183.2 1985, 2136 537.0 1972, 2155 84.5 03

Tubers/plant, count 19.0+ 0.7 10.6 2210, 2212 38.4 898, 2155 53 03
Tuber-to-tuber distance, cm 7.7+0.1 5.1 2219, 807 10.1 1849, 2192 1.0 0.1
Stolon length, cm 940+1.3 67.9 2210, 2219 111.7 2155, 2192 92 0.1

Mother tuber weight, g 72.7+4.1 23.5 2110, 1985 154.4 1661,2170 298 04
Mother tuber length, cm 5.8+0.1 4.0 2110, 807 7.5 1661, 1849 0.8 0.
Mother tuber width, cm 4.1+0.1 2.6 1985, 2110 6.1 1661, 1908 0.7 02
Child tuber weight, g 376+ 1.3 23.7 807, 1916 78.8 1972, 1849 96 03

Child tuber length, cm 5.0+0.1 3.9 2210, 2219 7.0 1972, 2155 0.6 0.1
Child tuber width, cm 32+0.0 2.7 2136, 2219 3.9 1972, 898 03 0.1

fSEM, standard error of mean.

Min. - Genotypes, genotypes with the lowest value for each trait.
SMax. - Genotypes, genotypes with the highest value for each trait.
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Table 6. REML based estimates of LS means, ranges, standard deviation (SD), and coefficient of variation (CV) for four

descriptors evaluated on Apios collection at Ames, 1A, Mechanicsville, VA and Litiz, PA during 2011-2013.

Trait Environment Year Sample size Mean = SEMT Min. Max. SD Cv

Yield/plant, g Ames, [A 2011 50 174.1 £12.8 62.2 453.4 90.3 0.5
Tubers/plant, count Ames, JA 2011 50 14.6 £0.9 4.6 42.9 6.6 0.5
Mother tuber weight, g Ames, IA 2011 50 40.1£3.5 10.2 135.2 24.8 0.6
Child tuber weight, g Ames, [A 2011 50 26.5+1.0 15.5 57.2 7.3 0.3
Yield/plant, g Ames, [A 2012 53 388.7+14.5  236.5 681.1 105.8 0.3
Tubers/plant, count Ames, IA 2012 53 232+1.2 9.9 45.7 8.4 0.4
Mother tuber weight, g Ames, IA 2012 53 106.4 + 6.7 37.5 260.4 49.0 0.5
Child tuber weight, g Ames, [A 2012 53 49.0+1.1 35.8 77.4 7.9 0.2
Yield/plant, g Mechanicsville, VA 2013 36 1056.8 £31.9  696.3 1515.4 191.2 0.2
Tubers/plant, count Mechanicsville, VA 2013 36 55.7+2.2 27.5 85.2 13.4 0.2
Mother tuber weight, g Mechanicsville, VA 2013 36 184.3+15.3 87.8 467.3 92.0 0.5
Child tuber weight, g Mechanicsville, VA 2013 36 40.6 +1.1 28.4 62.0 6.4 0.2
Yield/plant, g Lititz, PA 2013 20 91.9+6.8 39.9 163.7 30.5 0.3
Tubers/plant, count Lititz, PA 2013 20 8.6+1.2 1.3 21.1 5.3 0.6
Mother tuber weight, g Lititz, PA 2013 20 443 +45 54 75.3 19.9 0.5
Child tuber weight, g Lititz, PA 2013 20 6.6+1.2 0.0 23.7 5.2 0.8

fSEM, standard error of mean.
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Table 7. Phenotypic correlations’ among the four traits recorded at Ames, IA during 2011 and 2012, Mechanicsville, VA and

Lititz, PA in 2013.
Trait_ 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Environment*
1 Yield/plant E1 ~ NAY  0.00 0.00 0.00 0.00 009 001 0.00 0.04 071 012 000 002 0.17 0.68 0.00
2 Tubers/plant E1  0.77 NA 090 001 000 000 083 006 029 005 08 033 035 0.00 0.00 0.60
3 Mother tuber  0.42  0.02 NA 001 010 003 000 004 078 001 000 0.01 083 001 000 0.15
weight El
4 Child tuber  0.75 037  0.39 NA 000 064 000 000 0.04 052 0.05 0.00 001 068 021 0.00
weight El
Yield/plant E2  0.69 0.52 023  0.72 NA 000 004 000 0.04 034 027 0.00 022 037 032 0.00
Tubers/plant E2  0.24 057 -0.30 0.07 0.49 NA 000 093 027 0.00 013 061 077 000 0.00 0098
Mother tuber 035 0.03 073 040 028 -0.42 NA 001 050 000 000 0.01 047 0.00 0.02 0.30
weight E2
8 Child tuber  0.62 0.27 030 095 072 0.01 038 NA 007 051 016 0.00 0.04 036 0.16 0.00
weight E2
9 Yield/plant E3 035 0.18 005 034 034 019 012 030 NA 0.00 057 001 001 058 0.84 045
10 Tubers/plant E3  0.06 034 -044 -0.11 0.16 0.69 -048 -0.11 0.46 NA 0.00 038 020 000 0.00 0.68
11 Mother tuber 027 -0.03 063 033 019 -026 070 024 0.10 -0.49 NA 004 026 0.01 0.02 030
weight E3
12 Child tuber 0.64 0.17 043 096 072 -0.09 042 097 042 -0.15 0.34 NA 0.04 0.18 0.02 0.00
weight E3
13 Yield/plant E4 051 022 0.05 055 028 0.07 -0.17 046 061 033 -029 050 NA 024 0.18 0.03
14 Tubers/plant E4 032 0.76 -0.57 -0.10 021 081 -0.61 -022 0.14 0.78 -0.64 -034 0.27 NA 0.00 0.61
15 Mother tuber -0.10 -0.62 064 029 -024 -082 050 033 005 -0.68 054 058 031 -072 NA 0.17
weight E4
16 Child tuber 066 0.13 034 097 060 0.00 025 096 020 -0.11 027 095 049 -0.12 032 NA
weight E4

"The above-diagonal elements denote P-values and the below diagonal elements represent correlation coefficients.
IEI, Ames, IA 2011; E2, Ames, IA 2012; E3, Mechanicsville, VA; E4, Lititz, PA.
$Not applicable.

6V



Table 8: Rank correlations of four traits measured at Ames, IA during 2011 and 2012, Mechanicsville, VA and Lititz, PA in 2013.

Coefficients P-values

Yield/plant - Ames, IA 2011 vs. Ames, IA 2012 0.53 0.00
Tubers/plant - Ames, 1A 2011 vs. Ames, [A 2012 0.57 0.00

Mother tuber weight - Ames, IA 2011 vs. Ames, A 2012 0.66 0.00
Child tuber weight - Ames, IA 2011 vs. Ames, 1A 2012 0.80 0.00
Yield/plant - Ames, IA 2011 vs. Mechanicsville, VA -0.12 0.39
Tubers/plant - Ames, IA 2011 vs. Mechanicsville, VA 0.04 0.80
Mother tuber weight - Ames, IA 2011 vs. Mechanicsville, VA 0.37 0.01
Child tuber weight - Ames, IA 2011 vs. Mechanicsville, VA 0.19 0.18
Yield/plant - Ames, 1A 2011 vs. Lititz, PA -0.25 0.07

Tubers/plant - Ames, IA 2011 vs. Lititz, PA -0.10 0.49

Mother tuber weight - Ames, IA 2011 vs. Lititz, PA -0.15 0.28

Child tuber weight - Ames, IA 2011 vs. Lititz, PA -0.16 0.25
Yield/plant - Ames, IA 2012 vs. Mechanicsville, VA -0.11 0.44
Tubers/plant - Ames, IA 2012 vs. Mechanicsville, VA 0.15 0.28
Mother tuber weight - Ames, IA 2012 vs. Mechanicsville, VA 0.30 0.03
Child tuber weight - Ames, 1A 2012 vs. Mechanicsville, VA 0.29 0.03
Yield/plant - Ames, IA 2012 vs. Lititz, PA -0.38 0.00

Tubers/plant - Ames, IA 2012 vs. Lititz, PA -0.03 0.83

Mother tuber weight - Ames, IA 2012 vs. Lititz, PA -0.26 0.06

Child tuber weight - Ames, IA 2012 vs. Lititz, PA -0.22 0.11
Yield/plant - Mechanicsville, VA vs. Lititz, PA 0.08 0.58
Tubers/plant - Mechanicsville, VA vs. Lititz, PA 0.16 0.26

Mother tuber weight - Mechanicsville, VA vs. Lititz, PA 0.20 0.16

Child tuber weight - Mechanicsville, VA vs. Lititz, PA 0.09 0.51

0s
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Table 9. The first four principal components (PCs) of the morphological and yield-related
traits measured on the Apios collection at Ames, IA during 2011 and 2012.

Trait PC1 PC2 PC3 PC4

Emergence time, week 021 -0.18  -0.51T 0.12

First leaf emergence, week 0.17 -0.19 | -0.56 0.16
Ground to first leaf, cm -0.21 -0.02 0.03 -0.11
Internode length, cm | -0.27  0.01 0.19 0.01

Stem diameter - 2 months, mm = -0.30 0.02 -0.19 0.03
Leaflets - 2 months, count -0.20 -0.31 0.12 -0.33
Plant vigor, units = -0.26  0.02 0.12 0.29

Leaflets - 5 months, count -0.12 -0.29 0.00 | -0.39
Stem diameter - 5 months, mm | -0.27 0.00 -0.08 0.08
SPAD, SPAD units  0.06 -0.08 0.33 0.17
Yield/plant, g  -0.27 0.16 -0.14 0.29

Tubers/plant, count -0.08  0.40 0.03 0.36
Tuber-to-tuber distance, cm -0.22 0.10 -0.26 -0.38
Stolon length,cm -0.18 = 0.31 -0.13 -0.29

Mother tuber weight, g -0.20 = -0.39 0.04 0.23
Mother tuber length, cm  -0.24 ' -0.30 -0.13 0.11
Mother tuber width, cm  -0.19 = -0.41 0.06 0.24

Child tuber weight, g | -0.27 0.08 -0.14 0.03

Child tuber length, cm ' -0.26 0.20 -0.25 -0.01

Child tuber width, cm = -0.28 0.07 0.06 -0.04
Variance 8.80 3.01 1.58 1.35

Proportion of variance explained 0.44  0.15 0.08 0.07
Cumulative proportion of variance 044 0.59  0.67 0.74

"Traits that contribute to each PC are highlighted in gray.
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3.1 Abstract

For species with potential as new crops, rapid improvement may be facilitated by new
genomic methods. Apios (Apios americana Medik.), once a staple food source of Native
American Indians, produces protein-rich tubers, tolerates wide range of soils, and
symbiotically fixes nitrogen. We report the first high-quality de novo transcriptome
assembly, an expression atlas, and a set of 58,154 SNP and 39,609 gene expression markers

(GEMs) for characterization of a breeding collection. Both SNPs and GEMs identify six
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genotypic clusters in the collection. Transcripts mapped to the Phaseolus vulgaris genome —
another phaseoloid legume with the same chromosome number - provide provisional genetic
locations for 46,852 SNPs. Linkage disequilibrium decays rapidly within 10 kb (based on the
provisional genetic locations), supporting outcrossing reproduction. SNPs and GEMs identify
more than 21 marker-trait associations for at least 11 traits. These results provide an example

of a holistic approach for mining plant collections.

3.2 Introduction

Many un- or semi-domesticated edible plants have valuable characteristics not found
in existing major crops. Such underutilized plants include those adapted to extreme climatic
conditions, unusual soil types or climates, or adaptations for resistance against a range of
biotic and abiotic stresses. However, domestication of any species remains a formidable
challenge.

Happily, there have been recent examples of rapid progress and success of a few
underutilized crops. Ortiz-Ceballos et al.! showed the use of an underutilized legume cover-
crop, Mucuna pruriens subsp. utilis, in rotation with maize, which improved soil fertility and
increased yield of maize by nearly 60%. Quinoa (Chenopodium quinoa) breeding has rapidly
progressed in the last 4 to 5 years, along with recent wide acceptance in the society® > 4.
Perennial grains are being explored to reduce soil degradation and water contamination

simultaneously’. DeHaan’s research at The Land Institute to domesticate perennial

intermediate wheat grass (Kernza™; Thinopyrum intermedium) has been quite successful,
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with yields increasing by ~77% with two rounds of phenotypic selection®. These examples
show that rapid improvement of underutilized crops is feasible.

We describe application of next-generation sequence (NGS) to develop genomic
resources and characterize a breeding collection of the underutilized legume Apios
americana. Apios was a staple crop of North American Indians, and was evaluated as a tuber
crop by Blackmon and Reynolds in the 1980s (ref. 7, 8). We have continued the research of
Blackmon and Reynolds, and recently completed rigorous phenotypic evaluation of

genotypes remaining from Blackmon and Reynolds’s breeding program’

. Apios is a
perennial legume that produces a podded fruit aboveground (like other legumes), and also
makes tubers belowground that are of primary interest. The tubers form on stolons (modified
stems, like in potato)’. Some exceptional nutritional qualities of Apios tubers include high
protein content (11 to 14% on dry defatted basis), long shelf life at 4 °C (>1 yr), high
amounts of novel isoflavones, and low levels of reducing sugars’.

Apios is native to the central and eastern half of North America. It grows along
creeks, rivers and lakes, but can be grown on farmland. The plant is adapted to varied
climatic conditions in its geographical range, and is capable of forming nodules with
rhizobia, and fixing atmospheric nitrogen in the soil through symbiotic nitrogen fixation'®.
Both diploid (2n = 2x = 22) and triploid (2n = 3x = 33)!! populations exist, but they are
morphologically indistinguishable!?. Triploids are sterile and propagate asexually via tubers,
whereas diploids appear to be generally fertile and may propagate either clonally by tubers,
or sexually via seeds'?. The flowers have a complex structure and pollination is achieved

with an explosive tripping mechanism'% 2. Bruneau and Anderson'? observed low fruit set in
p pping

diploids, and attributed it to partial self-incompatibility and the low rate of floral visits by the
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apparent primary pollinators, bees in the Megachile genus. Based on their results, Bruneau
and Anderson'? suggested an outcrossing mode of reproduction in Apios.

The first effort to develop superior cultivars included collection and characterization
of germplasm, followed by cycles of hybridizations and selections, by Blackmon and
Reynolds during 1985-1994 at Louisiana State University Agricultural Experiment Station in
Baton Rouge, LA (Fig. 1) ®. Their breeding effort has led to a collection of improved
genotypes that are high yielding, with a number of favorable characteristics. We recently
conducted phenotypic evaluation of the collection, in multiple years and in multiple
environments and growing conditions’. In the present study, we have generated extensive
genomic resources using RNA-Seq, and combined it with the previously generated
phenotypic data to enable selection and cultivar development, to help speeding up the
improvement and domestication of Apios. The specific goals of this work include: (1)
Building a de novo reference transcriptome assembly; (2) Developing a gene expression
catalog; (3) Identifying SNPs, gene expression markers (GEMs), and genotyping the
collection using RNA-Seq; (4) Investigating heterozygosity, pedigree and population
structure in the collection; (5) Examining linkage disequilibrium in the collection; (6)
Identifying marker-trait associations using SNPs and gene expression markers; and (7)
Combining phenotypic and genetic data to make parental selections for subsequent cultivar
development. The results obtained in this study will have broader implications for plants with
limited genomic resources, as well as for staple crops whose collections can be further mined

for crop diversity and cultivar development.
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3.3 Results

3.3.1 Development and evaluation of an Apios breeding collection. The plant material
utilized in this study comprised 52 genotypes from Blackmon and Reynolds’s breeding
program conducted at Louisiana State University Agricultural Experiment Station in Baton
Rouge, LA during 1985-1994 (Fig. 1). Field books of the breeding program described
collection of germplasm, pollinations performed, and phenotypic selections of ~20,000 plants
(Fig. 1a). Of those evaluations, 53 genotypes remained as of 2010 (of which 52 were carried
forward in the present study). Partial pedigree information was traceable for 35 of the 53
genotypes in the collection (Fig. 1b). “Good-performing” genotypes were repeatedly favored
during breeding and this resulted in a number of primary founder genotypes. For instance,
line “034” contributed to 22 of the 52 genotypes, and “006” to 8 of the 52 genotypes (Fig.
1b). Line 034 performed consistently under different growing conditions, and therefore was
selected for release in the late 1980s. All of the genotypes in the collection were derived
through pollinations, and thus are likely to be diploids. Twenty-five of the 53 genotypes
tested using flow cytomtery had an average genome size of 1644 + 34 Mb, whereas wild
accessions collected from lowa, New York, and Quebec in Canada had an average genome
size of 2380 + 28 Mb (Supplementary Table S1). The genome size of the genotypes in the
Blackmon and Reynolds collection is nearly two-third the average genome size of the wild
accessions, suggesting our particular wild accessions to be triploids, and the Blackmon and
Reynolds genotypes to be diploids. The diploid and triploid genome size estimates are
comparable to the results previously published'*. Recent field evaluation of the 53 genotypes

from the Blackmon and Reynolds collection found high amounts of phenotypic diversity for
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18 of the 20 traits measured’. The REML-based LS means generated for each trait across
both years in that phenotyping study’ are used in this work.

3.3.2 De novo transcriptome assembly, annotation and expression catalog. A
transcriptome assembly for A. americana was built by sequencing 14 above- and
belowground samples, from six tissues, from line 2127 (Supplementary Data SI).
Sequencing of the 14 samples on Illumina GAIIx/HiSeq generated ~210 million reads, which
were then assembled into 96,560 transcripts, and 48,615 components (generally
corresponding with genes) (Table 1). The length of the transcripts ranged from 201 to 15,850
bp, with an average of 1,173 bp, and N50 of 1,863 bp (Supplementary Fig. S1). The statistics
obtained for this assembly are at least on par with most of the de novo transcriptome
assemblies published for other plant species to date!> 16171819 Transcript analysis indicates
that more than 14% of the transcripts in the assembly are nearly full-length (>80% alignment
coverage) as compared to soybean and common bean peptides (14,905 (15.4%) and 14,084
(14.6%), respectively). The percentage of transcripts matching other legumes with genome
sequences and annotations - or Arabidopsis - ranged from 61.1% to 67.5% (Supplementary
Fig. S2, Supplementary Data S2). The percentage of Apios transcripts matching P. vulgaris
proteins is 66.5%, while the percentage of P. vulagris proteins matching Apios transcripts is
66% (Supplementary Fig. S2). Such a high one-to-one match between Apios transcripts and
common bean peptides suggests relative completeness of the Apios transcriptome assembly.
Extraction of the putative coding regions from the transcripts generated 23,691 unique
peptides (Supplementary Data S3), of which greater than 70% were assigned a function using

Swiss-Prot and Pfam databases, >57% using eggNOG and Gene Ontology. Nearly 24%
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contained a transmembrane helix, and ~9% were tentatively marked as signal peptides (Table
1; Supplementary Data S4).

We also constructed a gene expression catalog using an average of 14.6 million reads
from each of the 11 samples, including six tissues, each with two biological replicates except
for flower, which had one replicate (Supplementary Table S2). Nearly 90% of the quality-
trimmed reads from each of these samples could be mapped back to the assembly
(Supplementary Table S2). We found 56,735 transcripts (Supplementary Data S5), and
28,738 components (Supplementary Data S6) expressed in at least one of the 11 samples. A
heat map utilizing expression of 1,000 transcripts with highest variances clustered the
samples into two primary subgroups, one consisting of the aboveground tissues, and the other
comprising the belowground tissues (Fig. 2).

3.3.3 Marker discovery, validation and genotyping of the collection. The 52 genotypes in
the collection were grown for three months under field conditions. Their leaf transcriptomes
were sequenced on Illumina Hi-Seq, and 1.32 billion reads, with an average of 25.3 million
reads per genotype (Table 2, Supplementary Data S1). Additionally, transcriptome
sequencing of the pooled (shoot and root tissue) sample from four genotypes (as biological
replicates), grown for 1.5 months under greenhouse conditions, generated 45.71 million
reads. On an average, >88.6% of the reads from each of the 56 samples were mapped to the
de novo transcriptome assembly (Supplementary Data S7). Using stringent filtering criteria
(described in the Methods), 58,154 high-quality SNP markers were identified in the
collection, in 9,338 components (Table 2). The variant files generated at each filtering stage
are provided as Variant Call Format (VCF) files (Supplementary Data S8 - S10). The average

reproducibility of the 58,154 high-quality SNP markers tested using four biological replicates
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was 90.6% (Table 2; Supplementary Table S3). This value is comparable to the
reproducibility (78% to 92.9 %) observed in other recent studies®® 2! 2% 23: 24 The allele
frequency of the G and C alleles was slightly higher in the dataset than the A and T alleles,
which is expected, considering the fact that these SNP markers are derived from the
transcribed regions of the genome (Supplementary Table S4). The SNP marker and the
genotype summary indicated the average missing percentage per accession as 1.5%, and the
average heterozygosity per accession as 37.6 (Supplementary Data S11 - S12). Lastly, the
reads from each of the 52 genotypes mapped to the reference assembly provided 39,609
transcripts that were expressed in at least one genotype, and are used as gene-expression-
markers (GEMs) for performing structure and association analyses (Supplementary Data S13
- S14).

3.3.4 Diversity, inbreeding and pedigree in the collection. Two commonly used measures
of diversity were estimated: (1) the average pair-wise divergence among genotypes, or
nucleotide diversity per bp, m (pi), was 0.35; and (2) the expected number of polymorphic
sites per nucleotide, or expectation of m, O (theta), was 0.22. These diversity estimates are
somewhat higher than that of four soybean populations (including elite North American
soybean cultivars, Asian landrace founders of these elite cultivars, Asian landraces (with no
known relationship to the landrace founders), and accessions of the wild progenitor species
Glycine soja®), further corroborating high nucleotide diversity in the collection. In addition,
Tajima’s D was 2.16. Tajima’s D is a normalized measure of the difference between
observed (m) and expected (0) nucleotide diversity. A large positive value of this

measurement suggests either that selection has maintained variation in the population, or that
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the population has contracted — either of which may have occurred during development of
this breeding collection.

Inbreeding coefficient estimates for each line are analogous to the proportion of
heterozygous loci in each line, but in the opposite direction — that is, the correlation
coefficient is -1.0 between the inbreeding coefficients and heterozygosity of each line
(Supplementary Data 12). The inbreeding coefficients estimated for each genotype ranged
from -0.22 to 0.15, with an average of -0.07 — which indicates the generally high
heterozygosity of genotypes in the collection (Supplementary Data 12). In fact, inbreeding
coefficient values of only five of the genotypes in the collection (1718, 1846, 2148, 2153 and
2170) were positive, indicating that these genotypes are more homozygous than the average
of the population?®. We noticed heterozygosity had a strong effect on yield-related traits, and
higher heterozygosity corresponded with higher tubers per plant. Statistically significant
(P<0.05) negative correlation was observed between inbreeding coefficients and tubers/plant
(Supplementary Table S5; Supplementary Fig. S3). Positive correlations were observed
between inbreeding coefficients and three phenotypic traits: leaflets measured 2 months after
planting, mother tuber weight, and mother tuber width.

Using estimates of Identity-by-Descent (IBD) and the proportion of IBD values, we
identified parent-child or half-sib relationships between 24 pairs of genotypes in the
collection (Supplementary Table S6). Of the 24 pairs, nine pairs were validated using the
partial pedigree information available for genotypes in the collection (Fig. 1b); one pair (807
and 2003) had conflicting results between IBD analysis and known pedigree information; and
the remaining 14 pairs identified by IBD analysis did not have prior pedigree information.

All of the pairs identified in the IBD analysis can be validated using fastSTRUCTURE
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results (described in the next section) either by inspecting the proportion of genomes shared,
or the clustering of genotypes in the same group.

3.3.5 Population structure of the collection. The structure of the collection was analyzed
using five different approaches (see Materials and Methods for details), and at least six
clusters were identified in the collection (Fig. 3). Bayesian analysis implemented using the
program fastSTRUCTURE suggested the presence of five (k=5) to seven (k=7) clusters in
the collection (Fig. 3a). The main difference between K=5 and K=6, is the inclusion of an
additional cluster comprising of genotypes 784, 2012, 2019 and 2219. Genotype 784 is the
maternal parent of the genotypes 2012 and 2019 (Fig. 1b), and thus these genotypes are
expected to cluster in the same group. Hence, the additional cluster in K=6 is reasonable. In
the case of K=7, the additional cluster is formed by splitting the fifth cluster of K=6. The
fifth cluster in K=6 comprises of individuals that are admixed, and these further split into an
additional cluster in K=7. However, admixed individuals have >60% proportion of
membership in K=6, and there is insufficient evidence to classify these individuals as a
separate cluster. Hence, there are at least six clusters in the collection based on the variational
Bayesian analysis conducted using fastSTRUCTURE. By implementing the maximum
likelihood approach, fastSTRUCTURE clusters 2, 3, 4, and 6 remained intact, whereas the
admixed individuals from clusters 1 and 5 split up and re-grouped with the other clusters
(Fig. 3b). Similar results were observed in the IBS and Ward’s clustering approach with the
exception that the fifth cluster split into exactly two clusters as opposed to three in maximum
likelihood approach (Supplementary Fig. S4). The PCA identified six clusters, but a seventh
cluster was formed which comprised of individuals from clusters 1, 2 and 5 (Supplementary

Fig. S5). Interestingly, GEMs also identified structure in the collection (Fig. 4). The four



62

clusters (2, 3, 4, and 6) remained intact, and the same was true for cluster 1 that contained a
few admixed individuals. However, in the GEM-based analysis, cluster 5 is split up and
individuals re-group with other clusters. In summary, the SNP and GEM markers identify at
least six clusters - of which five remain intact in fastSTRUCTURE and GEM-based
phylogenies. Four of the clusters are consistent across all the five approaches. As a final step,
we compared the performance of each of the five approaches in accurately clustering the
genotypes based on the pedigree, and the highest success was obtained using
fastSTURCTURE (Supplementary Table S7).

3.3.6 Linkage disequilibrium (LD) in the collection. Linkage disequilibrium was
investigated in the collection by mapping the Apios transcripts to P. vulgaris chromosomes,
under the assumption that the Apios and P. vulgaris chromosomes are generally syntenic —
an assumption that we believe is warranted considering that most species in the Milletieae

tribe have 11 chromosomes?” 28

, and various divergent species in the Phaseoleae are strongly
collinear® 3°. We were able to place 46,852 of the 58,154 Apios SNP markers. These SNPs
are distributed along each of the 11 chromosomes, with a slight enrichment toward
chromosome ends (Fig. 5a). The enrichment at the chromosomal ends is undoubtedly
because the SNPs are derived from transcripts, and the chromosome ends are gene rich®!. The
number of SNPs per chromosome ranged from 2,452 (chromosome 10) to 6,074
(chromosome 2) with an average of 4,259 (Supplementary Fig. S6). The decay of LD was
investigated at different r* thresholds, as well as along each of the chromosome, across the
genome, and along the transcripts (Fig. 5b; Supplementary Table S8). On average, LD

extends up to 10 to 15 kb (at r? < 0.15) across the genome. Although LD decays rapidly

across the genome, it is well known that the extent of LD varies in different regions of the
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genome. Using a sliding window of 2 Mb along each chromosome, we identified 4,222
haplotype blocks across the genome. The average size of each haplotype block was 7.4 kb.
The distribution of haplotype blocks along each of the chromosome indicated enrichment of
large haplotype blocks in the pericentromeric regions (Fig. 5c). The two largest haplotype
blocks (~1,500 kb) were detected in the pericentromeric region on chromosome 5 and 10.
The pericentromeric regions experience lower rates of recombinations, and thus are likely to
retain large-sized halpotype blocks. In summary, mapping of Apios SNPs to the P. vulgaris
chromosomes provided putative location information for ~81% of the SNPs, and using these
SNPs LD was found to decay within 10-15 kb.

3.3.7 Marker-trait associations in the collection. The association analysis was performed
using five different models (see Materials and Methods), and in two different packages. We
inspected the performance of each of the model by using quantile-quantile (QQ) plots. Based
on the QQ plots, the most successful model (performed in the GCTA package) accounted for
population structure (thereby reducing false positives), using a familial relatedness matrix in
the mixed model analysis (Supplementary Fig. S7). For 19 of the 20 traits it was apparent
that incorporating the familial relatedness matrix in the mixed model analysis (performed in
the GCTA package) performed the best, and for one of the traits (child tuber weight), two
additional models (performed in TASSEL) performed equally well. These models accounted
either for subpopulations and familial relatedness together, or just familial relatedness
(Supplementary Fig. S7). Thus, for marker-trait associations, we proceeded with the mixed
model analysis in the GCTA package, incorporating the familial relatedness for controlling
population structure. This method identifies twenty-one SNP markers to be associated with

14 phenotypic traits, including six aboveground and eight belowground traits (Table 3). Each
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of the SNP markers associated with a trait originated from a different transcript. Additional
details regarding favorable allele, allele frequency, effect size, and annotation of the
transcript are provided in Table 3. The marker-trait associations are also displayed in
Manhattan plots (Supplementary Fig. S8). Additionally, we evaluated potential parental
selections for the purpose of further cultivar improvement. We identified accessions that
contained beneficial alleles with large effect sizes for yield-related traits (Supplementary
Table S9). Many of these accessions are among the top 10% (based on the phenotypic data)
of the performers in field evaluations’.

3.3.8 Marker-trait associations using gene expression markers (GEMs). The reads
generated by sequencing the leaf transcriptome from each of the 52 genotypes in the
collection were mapped to 92,092 transcripts of the 96,560 transcripts in the de novo
reference assembly, and a normalized expression dataset was generated (Supplementary Data
S13). The normalized expression dataset was further filtered for transcripts expressed in at
least one genotype in the collection, which yielded 39,609 transcripts, or GEMs across the
collection (Supplementary Data S14). The regression analysis performed using GEMs, and
filtered by applying Bonferroni correction (adj-P < 0.0000013), resulted in 34 GEM-trait
associations (Supplementary Fig. S9-S10). Six of these GEM-trait associations were
excluded because they violated the linearity assumption of linear regression analysis
(Supplementary Fig. S9-S10). Finally, 28 GEM-trait associations were identified for four
aboveground, and five belowground traits (Table 4, Supplementary Fig. S11-S12). Nine
GEM-trait associations (Fig. 6) are particularly interesting, and can be broadly classified into
three categories - (1) The expression of isoforms of the same gene are correlated with the

same trait, but one of the isoforms is positively correlated, whereas the other is negatively
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correlated with the same trait. This may suggest an autoregulatory feedback mechanism, or
opposite roles in controlling the phenotype by these isoforms; (2) Transcripts are expressed
only in the five highest-performing genotypes (with an exception of one outlier), whereas the
rest of the genotypes shown no expression, suggesting their possible role in the better
performance of the genotypes for the respective trait; and (3) A transcript has lower
expression (~FPKM<20) in genotypes that produce shorter child tubers, and has higher
expression (~FPKM>40) in genotypes that produce longer child tubers. This indicates the
probable role of the transcript in regulating the length of the child tubers. Overall, association
analysis conducted using GEMs has revealed several interesting candidate genes for both

above and belowground traits.

3.4 Discussion

Mining the diversity of plant collections is critical for developing cultivars. Flow
cytometry analysis shows that at least 25 genotypes of the Blackmon and Reynolds collection
are diploids (and we reason that all of the genotypes are diploid), while six of our wild-
collected accessions from central and eastern USA, and Canada are triploids. Triploid
genotypes can act as pollen donors, but do not set seed'?. Thus, it is likely that the diploid
genotypes were unintentionally selected during the Blackmon and Reynolds breeding effort.
We believe the Blackmon and Reynolds collection used in this study is the largest existing
breeding collection. These genotypes are a result of ~10 years of breeding, and we have
observed tuber yields of more than 1,500 g per plant in the elite genotypes’. Significant

nucleotide diversity is present in the collection based on diversity estimates, ® and 6,
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generated using the 58,154 high-quality SNPs produced by sequencing the leaf
transcriptomes of 52 genotypes in the collection. Thus, the Blackmon and Reynolds
collection has potential for continued improvement and cultivar development.

Many of tuber crops, such as potato, cassava, sweet potato, and yams, are clonally
propagated. They are often highly heterozygous and exhibit hybrid vigor’?. An advantage of
clonal propagation is that once a superior hybrid is identified, it can be fixed and propagated
in the heterotic state. The downside is that high heterozygosity makes these crops vulnerable
to inbreeding depression, since self-pollination will generally increase the proportion of
homozygous (and presumably often deleterious) alleles. In this study, a strong negative
correlation was observed between “inbreeding coefficients estimated for each genotype” and
tubers produced per plant; and positive correlations were observed between inbreeding
coefficients and leaflets measured 2 months after planting, mother tuber weight, and mother
tuber width. This suggests higher heterozygosity is correlated with larger number of tubers
per plant, and lower heterozygosity is associated with traits that result in genotypes, which
produce one large mother tuber/seed tuber and a few child tubers. Leaflets recorded 2 months
after planting is highly correlated with mother tuber weight and length, and higher-values of
these three phenotypic traits have previously been shown to be correlated with a “stout” tuber
phenotype — i.e. one large mother tuber and just a few or no child tubers’. Hence, it is likely
that Apios may exhibit hybrid vigor, and can be susceptible to inbreeding depression when
forced to self-pollinate or crosses made between genetically related genotypes.

Understanding the population structure is a prime requirement for effectively utilizing
genotypes from the collection for breeding purposes. Population structure needs to be

accounted for in the association analysis to control for spurious associations. We find clear
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population structure in the collection, with approximately six distinct genotypic clusters.
Four of the clusters were consistent across all the six approaches studied. The fifth and sixth
cluster identified using the program fastSTRUCTURE contained admixed individuals, and
the placement of these admixed individuals was ambiguous in the other three methods
(maximum likelihood, identity-by-state/Wards, PCA) utilizing the SNP dataset. Interestingly,
classification on the basis of gene expression (using GEMs) was consistent with
classification based on SNP genotyping. Five of the six groups identified by
fastSTRUCTURE remained intact in the phylogeny generated using GEMs. This indicates
that gene expression data can be effectively used as molecular markers for understanding the
population structure, and its accuracy may be comparable with other widely-used SNP-based
methods. Gene expression markers may be an important, underutilized resource for other
species, including well-studied crops.

A clear understanding of pollination biology is essential for performing hybridization
experiments. According to Bruneau and Anderson'?, Apios flowers are predominantly out-
crossing. Although self-pollination may occur when the plants are made to self, the success
rate is quite low. Based on the Index of Self-Incompatibility (ISI), the authors suggest
existence of partial self-incompatibility with characteristics of a gametophytic self-
incompatibility system. We find LD in the Apios collection generally decaying within 10 to
15 kb. Linkage disequilibrium extending to such small distances is mainly observed in cross-
pollinating species®> 3. In the self-pollinating species, the effective recombination rate is
severely reduced, and therefore the LD tends to be more extensive. Hence, the LD results
obtained in this study suggest out-crossing biology, consistent with observations about the

pollination by Bruneau and Anderson'? (1988).
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Marker-traits associations identified using association analysis can be utilized in at
least two different ways: (1) Implementation of marker-assisted selection (MAS) in a
breeding program; (2) Identification of potential parents containing favorable alleles for
developing cultivars (parental selections). The high heterozygosity, and clear population
structure in our dataset prompted us to test different models and packages for association
analysis. Of the five models tested, the one that best accounted for population structure using
“familial relatedness” was in the GCTA package. This also appeared to give the most reliable
result, based on QQ-plots. Controlling for population structure by incorporating “familial
relatedness” has recently been shown to be helpful in association analysis involving highly
structured populations with admixture®. One of the limitations of our study in performing
association analysis is the relatively small population size (52 individuals). Although a
similar population size (53 individuals) has been used in a prior study involving Brassica
napus, and the marker-trait association identified and validated*®, marker-trait associations
identified in this study should be considered cautiously, and will require validation in another
collection or in bi-parental populations grown in multiple environments.

SNP markers used in this study are from the transcribed regions, and this allows for
preliminary verification of marker-trait associations using the annotations of the transcripts
containing the SNPs associated with a trait. A few of the marker-trait associations that can be
validated  using  annotations of the  transcripts are: (1) S 23737486
(SNP)/comp54771 c0 _seql (transcript; a serine/threonine protein kinase), associated with
“weeks to first leaf emergence.” This enzyme has been previously shown to regulate seedling
germination®” . (2) S 11450514/ comp50326_c0 _seql (a START (StAR-related lipid

transfer) protein), associated with leaflets recorded 2 months after planting. START is a



69

lipid-binding domain and is mainly enriched in the HD-Zip genes in plants. Mutations in the
two HD-Zip proteins containing START domain, PHABULOSA and PHAVOLUTA have
been shown to perturb adaxial/abaxial (upper/lower) axis formation in the leaf’’. (3)
S 23095079/comp54598 ¢3 seql (Pectinesterase, a widely studied enzyme in different
fruits, and a key enzyme in potato involved in regulating firmness of the tubers*® 4!
associated with mother tuber width. (4) S 18970167/comp53339 c0 seq2 (a glucose-6-
phosphate transmembrane transporter that catalyses the transfer of glucose-6-phosphate from
one side of the membrane to the other), associated with mother tuber width. There are at least
two hypotheses from the studies conducted in potato, which links glucose-6-phosphate
transmembrane transporter to tuber size. Firstly, sucrose is a major form of sugar during
transport to tubers; unloading and subsequent mobilization of sucrose during tuber initiation
and enlargement involves conversion of sucrose to fructose-6-phosphate through glucose-6-
phosphate as an intermediate molecule*’. Increased sucrose mobilization in the cytosol has
been shown to increase tuber number, and reduce tuber size. On the other hand, a rise in
sucrose mobilization in the apoplast increases tuber size and decreases tuber number®.
Secondly, in growing potato tubers, the oxygen levels decrease and hypoxia conditions arise,
which further acts as an adaptive mechanism to conserve energy. In a recent study, Licausi et
al.* showed that the expression of three hypoxia-responsive ethylene-responsive factor genes
is associated with the drop of oxygen levels during tuber growth. The expression levels of
two of the three hypoxia-related genes is highly correlated (r > 0.9) with two distinct glucose-
6-phosphate transmembrane transporters suggesting the role of the latter in tuber growth. (5)
S 30406303/comp56304 c4 seq2 (a putative transcription factor with Zinger finger domain

(CCCH-type)), associated with child tuber length. The expression of these transcription
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factors is highly correlated with the hypoxia-related genes described previously*, which
further suggests the involvement in tuberization.

Selection of parents is a fist key step in developing new cultivars. In our previous
study’, we had recommended potential candidate parents and crossing schemes based only on
phenotypic evaluations. The first scheme was suggested for development of high-yielding
genotypes, and involved the utilization of the top 10% of high-yielding genotypes to make a
“good x good” cross. The genotypes that comprised the top 10% in each of the four
environments include 1972, 2191, 898, 2127, 1849, 2155, 2201, 1970, and 2065 (ref. 9).
Using the population structure results from this study, we can now identify genotypes that are
most genetically diverse, reducing the likelihood of inbreeding depression, and promoting
hybrid vigor. Based on these results, we recommend hybridizations between the genotypes in
genetically distinct clusters: cluster 1 - 2191; cluster 2: 1972, 1849, and 2155; cluster 3 -
1970; and cluster 4 - 898, 2127, 2201, and 2065. In addition, favorable alleles for yield-
related traits are identified in the following accessions that are among the top 10% based on
their phenotype (Supplementary Table S9): Genotype 2191 for tubers/plant, 1972
(yield/plant, mother tuber length, child tuber weight and length), 1849 (yield/plant, mother
tuber length), 2155 (yield/plant, tubers/plant, mother tuber length), 1970 (mother tuber
length), and 898 (tubers/plant). Therefore, a cross of 1972 x 2191 or 1972 x 898 has a higher
probability of producing high-yielding genotypes with a reasonably good number of large
sized child tubers. A similar strategy of integrating results from population structure and
association analysis should be considered for other crossing schemes, and extrapolated to the

selections derived in Belamkar et al.”, which was primarily based on the phenotypic data.
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Gene expression in the genotypes can be correlated with their phenotypes, and is
valuable in identification of candidate genes for phenotypic traits*®. Recent evidence also
suggests that expression data can be more powerful than SNP markers for performing
predictions in smaller populations®, and for complex traits with low heritability*®. In this
study, 28 GEM-trait associations were identified, and they include transcripts for four
aboveground and five belowground traits. Interestingly, only five of these transcripts
contained SNPs. Hence, these associations are valuable and would not have been captured in
the association analysis conducted using SNP markers. Of the marker-trait associations
identified, there were two pairs of isoforms (comp52098 c0 seql/ comp52098 cO seq2;
comp45738 c0 seql/ comp45738 c0 seq2), whose expression was strongly correlated with
a phenotypic trait, but one of them was positively correlated and the other one was negatively
correlated with the same trait. This may suggest autoregulatory feedback mechanism, or
opposite roles in controlling the phenotypes by these transcripts. The expression of the
transcript “comp57351 ¢3 seq6” was lower in genotypes with shorter child tubers, and was
extremely high in genotypes with longer child tubers, resulting in clustering of the population
into two groups based on its expression. This transcript is annotated as being involved in
Jasmonic Acid (JA) signaling pathway, and JA’s role has been well established as an
effective inducer of tuberization in potato*”> *®. Two of the transcripts (comp57301 c0 seql
and comp55913 c0 seq2) associated with yield/plant and child tuber length were only
expressed in the top five performing genotypes (1849, 1972, 2127, 2155 and 2201), including
one outlier (1978). These two transcripts were mapped to Chromosome 8 of P. vulgaris, and
are separated by 319.4 kb. Although there are no SNPs within each of these two transcripts

(comp57301 c0 seql and comp55913 c0 seq?2), there are 96 SNPs identified between them.
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The LD among these 96 SNPs is relatively high, with average > = 0.17, which is higher than
the background LD value of 0.15 (Supplementary Fig. S13). The LD observed is probably
not high enough to suggest selection during the Blackmon and Reynolds’s breeding program,
but further investigation is required to confirm this observation. Overall, GEM-based
association analysis provided several interesting candidate genes, which can further provide a
lead to initiate functional characterization studies for traits of interest.

In summary, we have shown combining high-throughput genomics with the
phenotypic information can accelerate mining of collection for domestication of a potential
new crop. We have built large amounts of genomics resources for Apios, including a high-
quality reference de novo transcriptome assembly, an expression atlas of six tissues, and
58,154 highly reproducible SNPs and 39,609 GEMs across the collection. Both SNPs and
GEMs successfully identified pedigree and population structure of the collection, and
association analysis identified favorable alleles and potential candidate genes for both
aboveground and belowground traits. Lastly, the success of GEMs is exciting and suggests

broad utility for both new and well-studied crops.

3.5 Methods

3.5.1 Historical and morphological evaluation of the Apios americana collection. The
collection used in the study was developed by Blackmon and Reynolds” ® at Louisiana State
University Agricultural Experiment Station in Baton Rouge, LA during 1985-1994 (Fig. 1a).
The breeding program involved (i) collection of wild germplasm from different states of

USA and Canada with majority of them originating from Louisiana; (i) germplasm
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evaluation for traits of interest; (iii) open pollinations; and (iv) phenotype-based selections
for superior genotypes (Fig. 1a). The open pollinations made it impossible to determine the
paternal parent, thus the genotypes growing adjacent to the female genotypes (the probable
pollen donors), were generally considered to be likely paternal parents. Genotypes that
produced seed were documented as female parents. Partial pedigree information derived from
maternal lineage is available for 35 of the 53 accessions in the collection (Fig. 1b). The
collection was recently screened’ for phenotypic variation over multiple years, in multiple
environments, and in three different growing conditions. Twenty phenotypic traits that
included 10 aboveground, and 10 belowground traits were recorded for the entire collection.
The REML-based least square (LS) means generated for the 20 traits recorded at Ames, [A
during 2011 and 2012 were used in this study’. Genome size of 25 of the 53 genotypes in the
collection, and six additional accessions collected in the wild from Iowa, New York and
Canada was estimated using flow cytometry at the lowa State University Flow Cytometry
Facility (http://www.biotech.iastate.edu/facilities/flow/).

3.5.2 De novo transcriptome assembly, annotation and expression catalog. Total RNA
was isolated from 14 samples including six different tissues (leaf, shoot, flower, root, mother
tuber, and child tuber) from accession 2127 (Supplementary Data S1) using Qiagen RNeasy®
Plant mini kit and following the manufacturer’s protocol. The RNA samples were treated
with Ambion® TURBO DNA-free™ DNase to get rid of any DNA contamination, and the
quality and quantity were then inspected using Agilent 2100 Bioanalyzer. Illumina® libraries
were prepared, and the samples were sequenced on Illumina® GAIlx, and Illumina® HiSeq
2000 platform (Supplementary Data S1). Both single- and paired-end reads of length 50 to 90

bp were generated. The reads were trimmed to exclude the Q2 (read segment control
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indicator) bases from the ends of the reads using a custom script. The reads that passed the
quality trimming and were at least 25 bp in length were utilized to build the de novo
transcriptome assembly using the Trinity package® (release 2013-02-25). Assembled
transcripts were examined for full-length transcripts, and sequence conservation across
species, by performing a BLASTX search with a threshold of 1E-05 against the proteomes of
six sequenced legumes, Glycine max (assembly v1.01, JGI Glyma 1.1 annotation), Medicago
truncatula (v 3.5.1), Cajanus cajan (v 1.0), Phaseolus vulgaris (v 1.0), Lotus japonicus (v
2.5), Cicer arietinum (v 1.0); and the model plant Arabidopsis thaliana (v 10.0; release
04/16/2012); and Swiss-Prot non-redundant database (release-2013 04). Functional
annotation of transcripts was performed using Trinotate*’, an annotation suite within the
Trinity package. The likely coding region (ORF) in the transcripts were extracted using
TransDecoder with default settings, and the option to utilize pfam using hmmscan (--
search_pfam), and the minimum peptide length changed to 67 amino acids to match with the
minimum length of transcripts. The functional annotation of these peptides was performed as
follows: a homology search with BLASTP against the Swiss-Prot non-redundant database;
protein domain identification using HMMER and Pfam-A (v 27.0); signal peptide
identification using SignalP (v 4.0); transmembrane region prediction using tmHMM; and
annotation by comparison with eggNog (evolutionary genealogy of genes) and Gene
Ontology database. Lastly, the quality-trimmed reads from 11 samples - six different tissues
and two biological replicates per tissue (except for flower sample) - were aligned to the de
novo transcriptome assembly using Bowtie, and the abundance estimation per transcript and
component (loosely termed as gene) were estimated using RNA-Seq by Expectation

Maximization (RSEM)*°.
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3.5.3 Genotyping of the collection using RNA-Seq. The collection was grown in 2012 at
Ames, IA as described in Belamkar et al.’. Leaf tissue from 52 genotypes was collected 3
months after planting (on a single day). The leaf tissue from four plants of each genotype was
pooled and frozen in liquid nitrogen. Total RNA was isolated from the leaf tissue and the
quality was inspected as described earlier for de novo transcriptome assembly construction.
Ilumina® libraries were prepared at the DNA Facility at lowa State University
(http://www.dna.iastate.edu), and the samples were sequenced on Illumina® HiSeq at
National Center for Genome Resources (NCGR), Santa Fe, NM to generate single-end, 50 bp
reads (Supplementary Data S1). RNA was isolated and sequenced from pooled samples of
shoots and roots of four genotypes belonging to the collection that were grown in the
greenhouse for quality control purposes (Supplementary Data S1). The reads from the 56
samples were mapped to the de novo transcriptome assembly to identify “variants” and
“transcript abundances for each genotype” using the Alpheus™ pipeline’!. For calling single
nucleotide polymorphisms (SNPs) in each genotype, a minimum read depth of > 5 reads,
frequency of variant allele > 20 %, and average quality of bases calling the variant allele > 10
was used. We further filtered SNP markers with minor allele frequency < 0.1 % and
maximum missing percentage > 10%, and generated 58,154 high-quality SNP markers across
the collection. Allele frequencies, and summary statistics for each SNP (major and minor
allele frequency, missing %, heterozygous accessions %) and genotype (number of SNPs,
missing SNPs %, heterozygous SNP marker sites %) were generated using the “Genotype
summary” option in TASSEL v5.0 (ref. 52). The “transcript abundance per sample” was also

utilized as a marker, and will be referred to as gene expression marker (GEM). A transcript
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was considered expressed if the normalized expression value was greater than or equal to 2 in
at least one of the genotypes, which resulted in 39,609 GEMs across the collection.

3.5.4 Diversity estimates, inbreeding and pedigree in the collection. The two commonly
used diversity estimates, average pairwise divergence or nucleotide diversity per bp, 7 (pi),
and number of segregating sites per nucleotide, O (theta) were generated using the option
“Diversity” in TASSEL. Similarly, the Tajima’s D was produced in TASSEL to understand
the evolutionary history of the breeding collection. The extent of heterozygosity in the
collection, and its effect on phenotype was investigated by estimating inbreeding coefficients
for each genotype in the collection using the “--het” option in PLINK. The correlations
between inbreeding coefficients, and REML-based LS means of phenotypic traits recorded in
Ames, IA in 2011-2012 was performed in R (http://www.r-project.org/). Lastly, pedigree
relationships such as “parent-child” and “half-sib” relationships between genotypes in the
collection were identified using estimates of identity-by-descent (IBD) as described in
Stevens et al.>>. The IBD and the proportion of IBD values were generated using the “--
genome” option in PLINK with an assumption of homogenous population. The SNP data set
used for IBD analysis was restricted to retain only the SNPs that were reproducible in the
four control genotypes, and had minor allele frequency > 0.1 % and maximum missing
percentage < 10%, which provided 14,321 SNP markers across the collection.

3.5.5 Population structure of the collection. Population structure of the collection was
investigated using both SNPs and GEMs. Four approaches were tested using SNPs - (1)
Phylogeny reconstruction using the package SNPhylo®*. Briefly, in this package the SNP
information of each genotype is used to generate sequences. The sequences are then aligned

using MUSCLE, and the phylogeny tree is built using maximum likelihood. SNPhylo was
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utilized with the following settings (-1 0.0, -b and -A), and the resulting tree was visualized
with midpoint rooting using FigTree v1.4.2; (2) Identity-by-state (IBS) - a distance matrix
based on (1-IBS) values was generated using PLINK v1.90b2pNL, and hierarchical
clustering was performed using the Ward’s linkage in R; (3) Principal component analysis
(PCA) - performed in the program GCTA v1.24 (ref. 55), and the plot of PC1 versus PC2
was made in R; (4) Variational Bayesian framework - implemented in the program
fastSTRUCTURE?®. The program fastSTRUCTURE was run with a prior of 1 to 10
subgroups in the collection (K=1 to 10), and the output was parsed with “choosing model
complexity” script to determine the possible range of subgroups. The potential subgroups
identified were then inspected with known pedigree information and coefficient of
coancestry values generated for each genotype to precisely identify the number of subgroups
in the collection. The results were visualized using a plot made in R. Furthermore population
structure analysis was also performed using GEMs. The normalized expression counts of 39,
609 GEMs was transformed to log: scale, and 1000 GEMs with highest variances across the
collection were utilized to generate a Eucledian distance matrix followed by hierarchical
clustering using Ward’s linkage method in R. A confusion table was built to compare the
performance of the five different approaches to the known partial pedigree information, and
decipher the population structure in the collection.

3.5.6 Linkage disequilibrium (LD), and LD decay in the collection. Linkage
disequilibrium in the collection was investigated using the LD statistic “r>.” The r* values
were generated for all marker pairs located within and between transcripts using the options
“--12, inter-chr and --ld-window-12 0.0” in PLINK. We further mapped the Apios transcripts

to the Phaseolus vulgaris genome assembly (version 1.0) using gmap (2014-05-15.v3) with
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the following settings: “--cross-species, --format=coords, --npaths=0, --chimera-margin=0,
intronlength=10034, --totallength=60969,” and retrieved the likely location information for
~81% of the SNPs. These marker locations were then utilized to investigate the decay of LD
along each of the “pseudo-Apios” chromosomes, as well as across the genome, with the
assumption that the genome structure is conserved between the two phaseoloid legumes A.
americana and P. vulgaris. The background LD estimated as 90" percentile of the r? value of
marker-pairs on different chromosomes, and the commonly used criteria’s (r>=0.1 and 0.2)
across the genome, were used as a threshold to determine the LD decay in the collection.
Haplotype blocks were estimated using the options “--blocks, no-pheno-req and --blocks-
max-kb 2000 in PLINK. The pericentromeric start and end coordinate of each of the
chromosome was obtained from P. vulagris genome browser hosted at the Legume
Information System (legumeinfo.org).

3.5.7 Association analysis using SNP markers. The phenotypic dataset used for association
analysis is previously reported in Belamkar et al.’, and contains REML-based LS means of
20 phenotypic traits that include 10 aboveground, and 10 belowground measurements
recorded on 52 genotypes in Ames, [A during 2011 and 2012. The genotypic dataset contains
58,154 SNPs of high-quality that are filtered for minor allele frequency < 0.1 % and
maximum missing percentage > 10%. Population structure was accounted for either by
including only familial relatedness, or familial relatedness together with subpopulations in
the linear mixed models (LMMs). Association analysis was first performed in the software
program TASSEL?’ by incorporating (1) familial relatedness matrix (generated in PLINK) in
the linear mixed model as random effect; and (2) familial relatedness (as random effect) and

subpopulation membership coefficients generated using fastSTRUCTURE as covariates.
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Association analysis was also conducted using “GCTA: a tool for Genome-wide Complex

Trait Analysis®®”

with the difference being familial relatedness matrix generated in GCTA,
and either six or 10 principal components used to account for presence of subpopulations.
The performance of each of the model was tested using quantile-quantile (QQ) plots
generated using “qgman” package in R. Marker-trait associations with a P-value less than
0.0001 were considered as significant associations. None of the associations were significant
after adjusting for multiple testing using Bonferroni correction, which is probably due to the
large number of SNP markers used in this study. Hence, the threshold P-value (P < 0.0001)
utilized in this study was based on distribution of P-values in the present study, and threshold
P-values utilized in previous studies with similar population size, or SNP markers*® .
Significant (P < 0.0001) marker-trait associations were tabulated and represented in
Manhattan plots generated using “qqman” package in R. The marker-traits associations were
further assessed by comparing the biological function of the transcript containing the SNP
marker (derived from its annotation) to the associated phenotypic trait.

3.5.8 Association analysis using gene expression markers. Linear regression analysis was
performed in R with 39,609 GEMs as dependent variables, and each of the 20 phenotypic
traits as independent variables. The adjusted-r* and significance (P) values were recorded for
each of the GEM, per trait. The associations were: (1) filtered by applying Bonferroni
correction of P<0.05, which resulted in a new threshold of P<0.0000013 (0.05/39609). (2)
The associations that passed the Bonferroni test were examined for assumptions of linear
regression. FPKM normalized expression values were represented along Y-axis, and REML-

based LS means for the phenotypic trait were plotted along the X-axis. The significant

associations that passed both Bonferroni test, and met the assumptions were tabulated, and
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displayed using Manhattan plots. The significant associations were further verified by

comparing the associated phenotypic trait with the annotations of transcripts.
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Figure 1 - Breeding strategy and pedigree of the Apios americana collection. (a) Breeding
strategy utilized by Dr. Blackmon and Mr. Reynolds during 1985-1994 at Louisiana State
University Agricultural Experiment Station in Baton Rouge, LA, for developing elite
genotypes uses in this study. This information was interpreted from the field books of Dr.
Blackmon and Mr. Reynolds. (b) Partial maternal lineage information that was traced from
the field books for 35 of the 53 genotypes in the collection. The genotypes that produced
seeds were recorded as maternal parents, and the genotypes that were growing close to the
maternal parent were recorded as likely paternal parents. Hence, there are usually multiple
paternal parents listed for a line. The genotypes in bold are the ones that exist in the
collection used in this study.
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Figure 2 - Heat map of the normalized RNA-Seq data showing expression of transcripts
in six tissues of accession 2127. The normalized RNA-Seq data is in log, scale. One
thousand transcripts with highest variances across the 11 samples were utilized to make the
heat map. Letters R1 and R2 represent replicates 1 and 2 of the corresponding tissues.
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Figure 3 - Population structure in the collection. (a) Population structure using variational
Bayesian framework - implemented in the program fastSTRUCTURE. The possible 5, 6 or 7
clusters (K=5, 6 or 7) identified in the collection are shown. The Y-axis represents proportion
of membership of a genotype to the respective cluster, and X-axis indicates genotypes in the
collection. (b) Phylogeny built using maximum likelihood implemented in the package
SNPhylo. Letters 1 to 6 represent the clusters 1identified in Fig.3a.
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Figure 4 - Population structure in the collection using gene expression markers
(GEMs). Phylogeny built using 1,000 GEMs (in logz scale) that show highest variances
across the 52 samples. A Euclidean distance matrix was utilized followed by hierarchical
clustering with Ward’s linkage. Letters 1 to 6 represent the clusters identified in Fig. 3a.
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Figure 5 - Genome-wide SNP distribution, linkage disequilibrium and haplotype blocks.
(a) Distribution of SNPs identified in the Apios collection along the 11 Phaseolus vulgaris
chromosomes. Apios transcripts were mapped to the Phaseolus vulgaris genome assembly
(version 1.0), and location information was retrieved for 46,852 of the 58,154 SNP makers.
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The black dashed lines represent pericentromeric start and end coordinate of each of the
chromosome obtained from P. vulagris genome.
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Table 1. Statistics of the Apios americana transcriptome assembly built using accession 2127

Metric Count

Sequencing reads

Total number of reads 210,018,551
Total number of nucleotides (Gbp) 11.7

Total number of nucleotides used (Gbp) 11.5

Total number of nucleotides unused (Gbp) 0.2

De novo transcriptome assembly

Number of putative transcripts 96,560
Number of components (generally correspond with genes) 48,615
Number of components with splice variants 11,215

N50 1,863

Total number of nucleotides in the assembly (bp) 113,238,654
Peptides

Number of peptides (alternative splice variants included) 60,880
Number of peptides (alternative splice variants excluded) 23,691

Annotation of peptides (alternative splice variants excluded)

Swiss-Prot 16,711
Pfam-A 17,087
Signal peptide 2,240
Transmembrane helices 5,847
eggNOG (evolutionary genealogy of genes) 13,524
Gene Ontology 15,647
Expression

Number of transcripts expressed in at least one tissue 56,735

Number of components expressed in at least one tissue 28,738
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Table 2. Discovery of variants across 52 genotypes in the collection

Metric Count

Number of accessions in the Apios collection 52

Total number of reads generated 1,315,730,442

Average number of reads generated per accession 25,302,509

Average % of reads mapped to the assembly per accession 89.5

Average % of reads mapped uniquely to the assembly per accession 61.4

Number of variants (SNP and Indels) identified with base criteria 1,582,730

Number of variants identified (base criteria + read depth >5) 299,145

Number of SNPs identified (base criteria + read depth >5) 271,170

Number of SNPs (base criteria + read depth >5 + MAF >0.1 + 58,154
Maximum missing percentage <10%)

Average % reproducibility of SNPs (tested using 4 biological replicates) 90.6

Number of components (a.k.a genes) harboring SNPs 9,338

% of components in the assembly harboring SNPs 19.2

Average accessions missing per SNP (%) 1.5

Average heterozygous accessions per SNP (%) 37.5

Number of gene expression markers identified 39,609

Base criteria: At least 2 reads calling variant within at least 1 accession; > 20% of the reads
calling the variant allele in that sample; and average quality of bases calling the variant is >

10)



Table 3. Marker-trait associations identified in the collection using SNP-based association analysis

Trait SNP  Reference transcript  Position  Chr! Position>  Alleles® Freq*  Effect’ SE®  P-value Annotation
First leaf emergence S 23737486 comp54771_c0_seql 1,673 04 43,022,415 A/G 0.23 0.16 0.04 8.71E-05 Serine/threonine protein kinase
Succinyl-CoA ligase [ADP-forming] subunit
Ground to first leaf S 4036060 comp43747 c0_seql 1,279 NA’ NA C/T 0.21 1.35 0.33  3.84E-05 alpha-2
Ground to first leaf S 8354256 comp48670_c0_seql 510 09 21,384,837 T/C 0.18 1.65 0.39 2.12E-05 Ubiquitin-fold modifier-conjugating enzyme
Ground to first leaf ~ S_12390026 comp50830_c0_seq2 355 01 269,531 T/C 0.16 1.39 0.35 547E-05 Glutathione S-transferase
Ground to first leaf S 17227020 comp52764_c0_seq3 354 NA NA C/T 0.12 1.32 0.34 9.52E-05 PAP2 superfamily
Leaflets-2 months S 11450514 comp50326_c0_seql 552 10 43,192,696 AT 0.50 -0.44 0.11 7.39E-05 StAR-related lipid transfer protein
Plant vigor ~ S_23474932 comp54688_c0_seq2 1,435 03 30,967,083 G/A 0.15 0.39 0.09 3.26E-05 NA
Stem diameter-5 months S 30601377 comp56353_c0_seql 1,880 02 47,724,772 AT 0.33 -0.35 0.09 9.09E-05 Synaptotagmin-5
SPAD S 31213411 comp56475_c0_seql 2,559 05 14,781,013 G/T 0.46 0.97 0.25 9.82E-05 Nuclear pore complex protein Nup98-Nup96
Yield/plant S 806532 comp29700_c0_seql 260 NA NA T/C 0.20 97.65 2340 3.02E-05 Glutaredoxin-C2
Tubers/plant  S_25048846 comp55124 ¢c0_seq4 465 05 9,906,844 T/C 0.46 -9.91 2.54  9.73E-05 NA
Tubers/plant S 41908941 comp58209 c0_seql 117 01 50,369,688 T/A 0.48 -14.07 323 1.32E-05 Clathrin heavy chain 2; endocytosis
Stolon length S 7515611 comp48154 cl_seql 805 05 43,471 T/C 0.27 -9.89 2.54 9.78E-05  Deoxynucleoside kinases
RNA processing and splicing; WW domain-
Stolon length ~ S_14498332 comp51702_c0_seql 1,505 03 40,709,216 G/A 0.24 -10.22 2.55 6.35E-05 binding protein
Stolon length  S_17413318 comp52828_c0_seql 183 NA NA T/A 0.26 -9.05 2.19 3.71E-05 NA
Glucose-6-phosphate transmembrane
Mother tuber weight ~ S_18970167 comp53339 c0_seq2 904 08 57,655,132 T/C 0.48 -85.81 20.86  3.88E-05 transporter
Mother tuber length ~ S_25933856 comp55332_c0_seql 1,714 02 499,012 G/A 0.38 0.79 0.20 6.22E-05 Regulator of nonsense transcripts
Mother tuber width S 23095079 comp54598 ¢3_seql 295 10 39,313,260 C/T 0.19 -0.90 0.23  9.28E-05  Pectinesterase
Child tuber weight ~ S_12121278 comp50661_c0_seql 1,089 02 45,978,408 A/C 0.12 15.30 3.59 2.00E-05 PC-Esterase GDSL/SGNH-like Acyl-Esterase
BTB/POZ domain-containing protein; signal
Child tuber weight ~ S_28587045 comp55916_cl_seql 1,482 08 7,701,745 T/A 0.15 11.83 3.03 9.55E-05 transduction
Child tuber length ~ S_12121278 comp50661_c0_seql 1,089 02 45,978,408 A/C 0.12 0.96 0.24 6.62E-05 PC-Esterase GDSL/SGNH-like Acyl-Esterase
Zinc finger CCCH; DNA binding;
Child tuber length S 30406303 comp56304 c4 seq2 1,682 06 29,252,859 G/A 0.13 0.74 0.19  7.84E-05 photomorphogenesis

!Chr represents chromosomal location of SNP on Phaseolus vulgaris genome; *Position represents location of SNP on Phaseolus vulgaris genome; *Effective allele/other allele at the SNP location;
“Frequency of effective allele in the collection; >SNP effect corresponding to the effective allele; *Standard error associated with the SNP effect; "NA represents information not available. SNPs
associated with multiple traits are in bold.
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Table 4. Marker-trait associations identified in the collection using gene expression markers

Trait Transcript Chr! Start’? Estimate® SE* t-value’ P-value Adj-r’> Annotations
Internode length  comp56323 c0 seq5 NA® NA -2.74  0.46 -5.99 2.26E-07 0.41 NA
Stem diameter - 2 RNA-binding protein 8A; mRNA
months comp57243_c2_seq2 02 3,455,626 73.48 13.0 5.65 7.57E-07 0.38 processing
Heat shock 70 kDa protein
comp52044 c2 seq3 10 42,053,143 -13.38  2.35 -5.69  6.68E-07 0.38 15/Molecular chaperone
Leaflets - 2 months  comp49135 c0 _seql 10 6,001,220 11.10 1.56 7.10 4.24E-09 0.49 CERI-like 1/Fatty acid hydroxylase
comp55774_c3_seq6 05 34,676,406 -4.11  0.72 -5.72  5.92E-07 038 NA
Geranylgeranyl pyrophosphate
Leaflets - 5 months  comp52098 c0 seql 02 33,390,379 4540 6.89 6.59 2.59E-08 0.45 synthase
Geranylgeranyl pyrophosphate
comp52098 c0_seq?2 02 33,390,379 -45.56  7.62 -5.98 2.35E-07 0.41 synthase
GDSL esterase/lipase Atlg71250;
Geranylgeranyl reductase,
Yield/plant comp57301_c0_seql 08 51,938,872 0.02  0.00 6.96 6.96E-09 0.48 choloroplastic
Integral membrane protein; Late
comp55913 c0_seq2 08 52,258,272 0.03 0.00 6.70  1.80E-08 0.46 exocytosis, Golgi transport
NA; Possesses a signal peptide
comp49849 c0_seql 05 30,357,198 0.04 0.01 6.48 3.93E-08 0.45 cleavage site
comp45738 c0 seql 05 28,501,950 0.64 0.11 6.11 1.50E-07 0.42  14-3-3-like protein B
Uncharacterized protein Atlgl18480;
comp32096 c0_seql 05 20,713,186 -0.03  0.01 -5.76  5.17E-07 0.39 Calcineurin-like phosphoesterase
UDP-glucose flavonoid 3-O-
comp55939_c2_seqS 03 23,432,180 0.01 0.00 5.73 5.83E-07 0.38 glucosyltransferase 7
comp45738 c0_seq2 05 28,501,950 -0.69 0.12 -5.57 1.01E-06 0.37 14-3-3-like protein B
ADP-ribosylation factor GTPase-
Tubers/plant  comp52843 c0 seq8 07 38,262,470 0.46 0.07 6.25 8.83E-08 0.43 activating protein AGD7

S6



Table 4 continued

Mother tuber length

Child tuber weight

Child tuber length

comp57897 ¢c0_seq2
comp53873 c0_seq2
comp46887 c0_seq3

comp54966 c0_seq3

comp57964 c0 _seqd

comp55913_c0_seq2

comp55913_c0_seq2
comp57351 ¢3 seqb

comp55939_c2_seqS
comp56129 c4 seqb
comp56118 c0_seql

comp57301_c0_seql

comp57243 ¢2_seq2

08
08
09

11

07

08

08

02

03
NA
02

08

02

4,984,724
9,973,071
21,886,278

8,691,266

41,689,316

52,258,272

52,258,272
47,947,761

23,432,180
NA
43,809,153

51,938,872

3,455,626

0.60
0.40
0.24

-0.94

-4.11

0.21

3.41

19.12

1.72
8.05
2.12

2.38

31.05

0.11
0.07
0.04

0.17

0.68

0.04

0.50

2.83

0.29
1.36
0.37

0.42

5.45

5.66 7.42E-07
5.58 9.71E-07
5.58 9.94E-07
-5.56  1.06E-06
-6.07  1.70E-07
5.75 5.34E-07
6.79 1.26E-08
6.76  1.42E-08
5.93 2.80E-07
592 2.87E-07
5.72  6.02E-07
571 6.13E-07
5.70  6.40E-07

0.38
0.37
0.37

0.37

0.41

0.39

0.47

0.47

0.40
0.40
0.38

0.38

0.38

N-terminal kinase-like protein
Ferrochelatase-2, chloroplastic

NA
Nucleoside-diphosphate-sugar
epimerases; UDP-glucuronic acid
oxidase

Mannosylglycoprotein endo-beta-
mannosidase; Carbohydrate
metabolism

Integral membrane protein; Late
exocytosis, Golgi transport

Integral membrane protein; Late
exocytosis, Golgi transport
Jasmonate ZIM domain-containing
protein 3; JA signaling pathway
UDP-glucose flavonoid 3-O-
glucosyltransferase 7

NA

NA

GDSL esterase/lipase Atlg71250;
Geranylgeranyl reductase,
choloroplastic

RNA-binding protein 8A; mRNA
processing

!Chr represents chromosomal location of transcript on Phaseolus vulgaris genome; Start represents start position of the transcript mapped to Phaseolus vulgaris

genome; *Estimate obtained from linear regression analysis; “Standard error associated with the estimate; °t-value is from a test with null hypothesis that the
estimate is equal to zero (no effect); “NA represents information not available. Transcripts associated with multiple traits are in bold.
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Additional Files

Figure S1. Transcript length distribution of the 96,560 transcripts in the Apios
americana de novo assembly.

Figure S2. Sequence conservation of transcripts inspected by performing a BLASTX
search with a threshold of 1E-05 against the proteomes of six related legumes and
Arabidopsis thaliana. Gray: percentage of transcripts in the assembly matching peptides;
black: percentages of peptides in the respective species matching Apios transcripts.

Figure S3. Negative correlation between inbreeding coefficients estimated for each
genotype and tubers produced per plant recorded in Ames, IA during 2011-2012. A
linear regression was performed with tubers/plant as response variable and inbreeding
coefficients as independent variables. The estimate was -38.57, standard error 10.13, t-value -
3.807, P=0.000386, and the adjusted R-squared was 0.21.

Figure S4. Phylogeny built using a distance matrix (1-IBS) based on Identity-by-state
(IBS), and performing a hierarchical clustering using Ward’s linkage. Letters 1 to 6
represent the clusters identified in Fig. 3a.

Figure S5. Principal component analysis. PC1 and PC2 represent principal component 1
and 2 respectively.

Figure S6. Number of Apios SNPs on each of the 11 P. vulgaris chromosomes. Nearly
81% of the SNPs indentified in the Apios collection were mapped to common bean genome.
The mean and median numbers of SNPs per chromosome are 4,259 and 4,592, respectively.

Figure S7. Quantile-Quantile (QQ) plots for evaluating performances of the different
models and software packages utilized for association anlaysis. Association analysis was
first performed in the software program TASSEL by incorporating (1) familial relatedness
matrix (kinship; generated in PLINK) in the linear mixed model as random effect; and (2)
familial relatedness (as random effect) and subpopulation membership coefficients generated
using fastSTRUCTURE as covariates. Association analysis was also conducted using
“GCTA: a tool for Genome-wide Complex Trait Analysis” with the difference being familial
relatedness matrix generated in GCTA, and either six or 10 principal components used to
account for presence of subpopulations.

Figure S8. Manhattan plots displaying marker-trait associations identified in the
collection. (a) Marker-trait associations with the aboveground traits. (b) Marker-trait
associations with the belowground traits.

Figure S9. Gene expression markers (GEMs) associated with aboveground
measurements and yield/plant after correcting for multiple-testing using Bonferroni
correction of P<(0.05 (new threshold P<0.0000013). Each scatter plot corresponds to a
GEM associated with a trait. The Y-axis represents normalized expression value of GEM in
the 52 genotypes, and X-axis corresponds to the phenotypic measurement of the 52
genotypes for the respective trait.
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Figure S10. Gene expression markers (GEMs) associated with belowground
measurements (except yield/plant) after correcting for multiple-testing wusing
Bonferroni correction of P<0.05 (new threshold P<0.0000013). Each scatter plot
corresponds to a GEM associated with a trait. The Y-axis represents normalized expression
value of GEM in the 52 genotypes, and X-axis corresponds to the phenotypic measurement
of the 52 genotypes for the respective trait.

Figure S11. Manhattan plots displaying gene expression markers associated with the
aboveground traits.

Figure S12. Manhattan plots displaying gene expression markers associated with the
belowground traits.

Figure S13. Linkage disequilibrium decay between the two transcripts
“comp57301_c0_seql and comp55913 c0_seq2.” The dashed line at r* = 0.15 corresponds
to background LD in the genome.

Table S1. Genome size estimates of 25 genotypes from Blackmon-Reynolds collection and
wild samples estimated using flow cytometry

Table S2. Summary of RNA-Seq data and expression in different tissues of genotype 2127
Table S3. Validation of single nucleotide polymorphisms (SNPs) using biological replicates
Table S4. Frequency of alleles in the SNP dataset used in this study

Table SS. Correlations between inbreeding coefficients estimated for each genotype and
phenotypic measurements recorded in Ames, IA in 2011-2012

Table S6. Parent-child, and half-sib relationships (0.46>=PI HAT<=0.54) identified in the
Apios collection

Table S7. Comparison of five different approaches of population structure analyses with
known maternal pedigree information available from Blackmon-Reynolds breeding program

Table S8. Linkage disequilibrium decay along the chromosomes, whole genome and
transcripts at different r2 thresholds

Table S9. Potential donor accessions based on SNP based marker-trait associations identified
in the collection
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4.1 Abstract

Background
The homeodomain leucine zipper (HD-Zip) transcription factor family is one of the
largest plant specific superfamilies, and includes genes with roles in modulation of plant

growth and response to environmental stresses. Many HD-Zip genes are characterized in
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Arabidopsis (Arabidopsis thaliana), and members of the family are being investigated for
abiotic stress responses in rice (Oryza sativa), maize (Zea mays), poplar (Populus
trichocarpa) and cucumber (Cucmis sativus). Findings in these species suggest HD-Zip
genes as high priority candidates for crop improvement.
Results

In this study we have identified members of the HD-Zip gene family in soybean cv.
‘Williams 82°, and characterized their expression under dehydration and salt stress.
Homology searches with BLASTP and Hidden Markov Model guided sequence alignments
identified 101 HD-Zip genes in the soybean genome. Phylogeny reconstruction coupled with
domain and gene structure analyses using soybean, Arabidopsis, rice, grape (Vitis vinifera),
and Medicago truncatula homologues enabled placement of these sequences into four
previously described subfamilies. Of the 101 HD-Zip genes identified in soybean, 88 exist as
whole-genome duplication-derived gene pairs, indicating high retention of these genes
following polyploidy in Glycine ~10 Mya. The HD-Zip genes exhibit ubiquitous expression
patterns across 24 conditions that include 17 tissues of soybean. An RNA-Seq experiment
performed to study differential gene expression at 0, 1, 6 and 12 hr soybean roots under
dehydration and salt stress identified 20 differentially expressed (DE) genes. Several of these
DE genes are orthologs of genes previously reported to play a role under abiotic stress,
implying conservation of HD-Zip gene functions across species. Screening of HD-Zip
promoters identified transcription factor binding sites that are overrepresented in the DE
genes under both dehydration and salt stress, providing further support for the role of HD-Zip

genes in abiotic stress responses.
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Conclusions

We provide a thorough description of soybean HD-Zip genes, and identify potential
candidates with probable roles in dehydration and salt stress. Expression profiles generated
for all soybean genes, under dehydration and salt stress, at four time points, will serve as an
important resource for the soybean research community, and will aid in understanding plant

responses to abiotic stress.

Keywords: Soybean; HD-Zip; Transcription factor; Gene family; Whole-genome

duplication; RNA-Seq; Dehydration stress; Salt stress; Abiotic stress.

4.2 Background

Plants sense and respond to environmental variations in temperature, nutrient
availability, water level, and light conditions. The homeodomain leucine zipper (HD-Zip)
transcription factors play a significant role in regulating plant growth adaptation responses by
integrating developmental and environmental signals. Homeodomain leucine zipper (HD-
Zip) transcription factors have been found exclusively in the plant kingdom [1,2], the only
exception being the recent identification in the charophycean algae [3]. The characteristic
feature of the HD-Zip gene family is the association of homeodomain (HD) and the leucine
zipper (LZ) motif in a single protein. In other kingdoms, they are present as domains of
distinct proteins. The homeodomain is a ~60 amino acid DNA binding domain composed of
a helix-turn-helix structure that folds into three characteristic alpha-helices, capable of

interacting specifically with DNA [2]. The LZ motif is a dimerization motif and is located
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immediately after the HD. The LZ motif allows the formation of homo- and hetero-dimers
that are required for binding to DNA. The HD-Zip transcription factors can be subdivided
into four subfamilies: HD-Zip I to IV, based on distinct sequence features (DNA-binding
domains and additional conserved motifs that are specific to each of the subfamilies), and
distinct functions of proteins from each of the subfamilies (for reviews, see [1,4]).

The HD-Zip superfamily has been analyzed in several species including Arabidopsis
(Arabidopsis thaliana) [1,5,6], rice (Oryza sativa) [4,7], maize (Zea mays) [8], poplar
(Populus trichocarpa) [9], and the HD-Zip I and IV genes in cucumber (Cucumis sativus)
[10,11]. However, functional characterization studies have been limited to the model plant
Arabidopsis, while a few selected genes have been investigated in other species [1,4]. A
subset of the HD-Zip genes have recently been described in soybean (Glycine max) [12].
HD-Zip genes are involved in several abiotic stress responses, meristem regulation,
photomorphogenesis, and root development [1,4]. The HD-Zip I genes have been
investigated for their roles in water deficit and salt stress responses. The HD-Zip I
Arabidopsis genes ATHB7 and ATHBI2, and their orthologs in other species, including
HaHB4 from sunflower (Helianthus annuus), NaHDZ20 in Nicotiana attenuatta, and OsHOX6
in rice (Oryza sativa), have increased expression under water-stress conditions [7,13-15].
ATHB7 and ATHBI12 act as negative regulators of growth and development by reducing
plant growth under water-deficit conditions [13,16,17]. HaHB4 delays the onset of
senescence when expressed in Arabidopsis [18,19]. The Arabidopsis HD-Zip 1 genes ATHBS
and ATHBG, and the homologs in Craterostigma plantagineum CpHBS, 6, 7 and CpHBS, are
involved in water deficit stress [20]. ATHBS acts as a positive regulator of ABA

responsiveness at the seedling stage, with elevated levels of ATHBS resulting in higher ABA
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responsiveness. On the contrary, ABA reduces the wild-type expression of ATHBS,
indicating ATHBS is part of a negative feedback loop regulating ABA sensitivity in the
germinating seedlings [21]. This implies ATHB5 mediates an initial response of the seedling
to an ABA signal imposed (for instance, seedling development under limited-term water-
deficit conditions) - but reduces the response to extended water stress. The Arabidopsis gene
ATHB6 has increased expression under water deficit stress [22]. Arabidopsis plants
overexpressing ATHB6 display lowered stomatal closure and reduced inhibition of
germination by ABA [23] - the characteristics of the ABA-insensitive mutant abi/ and abi2
[24]. Deng et al. [25] suggested that ATHB6 acts as a negative regulator of ABA response
under water deficit stress.

A recent study in maize found all 17 HD-Zip I genes differentially expressed (DE)
under drought stress [8]. The Arabidopsis genes ATHB21, ATHB40 and ATHB53 and the M.
truncatula gene MTHBI are induced by salt stress [4]. The over-expression of MTHBI
reduces lateral root emergence. Ariel et al. [26] proposed reduced lateral root growth as a
mechanism to reduce the exposure of the roots to high saline soil. The Arabidopsis gene
HAT?22, the rice genes OsHOX11 and OsHOX27, and the C. plantagineum genes CpHBI and
CpHB2, all in HD-Zip 1I, are induced by water stress [7,20,27]. Thus, it is evident that
members of the HD-Zip I and II are enriched for genes that are involved in water deficit and
salt stress. The emphasis in the literature has focused on HD-Zip I proteins for their role in
abiotic stress, while systematic characterization of genes from the other subfamilies has been
lacking. A recent study in rice shows the importance of investigating genes from other
subfamilies. Yu et al. [28] demonstrated the overexpression of a HD-Zip IV gene (HDG11)

confers drought tolerance, and increases yield under both normal and drought conditions.
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With the utilization of high throughput sequencing techniques such as RNA-Seq, it is
possible to investigate the expression of HD-Zip genes belonging to all subfamilies in the
same experiment, and identify potential candidates for functional characterization studies.
The identification and classification of HD-Zip genes in prior studies has been based
on homology searches, well-conserved domains and motifs in each of the subfamilies, and on
conserved gene structures among subfamily members [5-11]. The availability of whole
genome sequence information for increasing numbers of angiosperm species has enabled
utilization of evolutionary relationships among the species to help characterize HD-Zip
genes. Evolutionary relationships among species in a gene family analysis can be combined
with whole genome duplication (WGD) histories. The eudicots Arabidopsis, grape, soybean
and M. truncatula share a common “gamma” genome triplication event that occurred around
117 million years ago (Mya), early in the eudicot evolution [29,30]. The Arabidopsis lineage
shows a signal for two additional rounds of WGD events within the last 70 million years
[30,31]. Soybean and Medicago share a common legume-specific WGD event approximately
59 Mya [32,33], and soybean has undergone an additional glycine-specific genome
duplication event around 13 Mya [30,32]. Rice shows evidence of two rounds of WGD
events [30]. The grape genome has undergone a genome triplication event, but lacks a recent
WGD event [34]. Conceptually, a single-copy gene in the ancestor of angiosperm plants and
retained after every WGD event would give rise to the following numbers of homologous
genes: 3 in grape, 6 in Medicago, 4 in rice, and 12 each in soybean and Arabidopsis. There is
also evidence for two even older WGDs: one at around 320 Mya, prior to the separation of
angiosperms and gymnosperms and referred to as the “ancestral seed plant WGD;” and

another at around 190 Mya, predating the origin of angiosperms and termed the “ancestral
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angiosperm WGD” [31]. Per this model of WGDs, an angiosperm gene family is typically
comprised of four old angiosperm clades, assuming a starting point of one gene copy in the
ancestor of seed plants. We examine the HD-Zip family in the context of this hypothesized
history of WGDs, and provide insights into evolutionary history of each of the subfamilies
relative to these WGD events.

In this study, we have 1) identified all putative HD-Zip genes in the soybean genome
and placed them into their respective subfamilies; 2) provided phylogenetic relationships
among HD-Zip proteins from eight species that include six eudicots: poplar, cucumber,
Arabidopsis, grape, soybean and M. truncatula, and two moncots: rice and maize; 3)
characterized the structures of all HD-Zip genes; 4) described the genomic organization,
tracing the expansion of the gene family through WGD events; 5) presented gene expression
data for all HD-Zip genes in 24 conditions including at least 17 different tissues of soybean;
6) provided RNA-Seq based gene expression profiles of all soybean genes including HD-Zip
genes, in the roots under normal conditions and dehydration and salt stress after 0, 1, 6 and
12 hr treatments; and 7) identified genes that may participate in HD-Zip gene pathways by
screening HD-Zip promoters for conserved motif of transcription factor binding sites

(TFBSs).

4.3 Methods

4.3.1 Homology searches, multiple sequence alignments, and phylogenetic analysis

The sequences of 47 HD-Zip (17 HD-Zip 1, 9 HD-Zip 11, 5 HD-Zip III and 16 HD-

Zip IV) proteins of A. thaliana (TAIR8 genome release, 11/30/09) described in Ariel et al.
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[1], were obtained from TAIR [35]. The proteomes of four other sequenced angiosperms G.
max (assembly v1.01, JGI Glymal.0 annotation), M. truncatula (v 3.5.1), O. sativa (MSU
Release 6.0) and V. vinifera (12X March 2010 release) were obtained from the respective
repositories for these genomes and BLAST databases were built for each of them on our
local server. A BLASTP v2.2.22 (protein-protein BLAST) [36] search with a threshold of
1E-10 was used for initial identification of the homologous Arabidopsis HD-Zip genes in
each of the genomes described above. The multiple sequence alignment of the homologous
sequences from the five species was performed using MUSCLE v3.8.31 [37]. The alignment
was manually inspected and trimmed using SeaView v4.2.5 [38,39] and BBEdit v8.7.2
respectively. A preliminary phylogenetic tree (not shown) encompassing four HD-Zip
subfamilies was built using CLUSTAL v2.0.12 [40] and the tree was visually examined
using FigTree v1.3.1 [41].

The probable HD-Zip genes belonging to each of the four subfamilies were identified
based on the clustering of sequences with known HD-Zip genes from Arabidopsis in the
preliminary phylogenetic tree. The outlier sequences that did not cluster with any
Arabidopsis genes were temporarily excluded. The probable HD-Zip genes were then aligned
using MUSCLE to build a profile Hidden Markov Model (HMM) separately for each
subfamily using the hmmbuild program, implemented in the package HMMER v3.0b2 [42].
The probable HD-Zip sequences were re-aligned to the profile HMM using hmmalign,
available in the tool HMMER, and were viewed in SeaView. Sequence logos were generated
for each subfamily using the web tool WebLogo [43] to identify conserved regions in the
alignments (Additional file 1: Figure S1, Additional file 2: Figure S2, Additional file 3:

Figure S3 and Additional file 4: Figure S4). The HMM alignments were trimmed to retain
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the conserved regions (HMM “match states”) using BBEdit. The trimmed alignments were
used to build the phylogenetic trees for each subfamily using the maximum likelihood
method implemented in PhyML v3.0 [44] available at iPlant Collaborative [45] using default
settings. The approximate likelihood ratio test (aLRT) branch support values [46] are
displayed on the branches in percentages. The phylogenetic tree for each subfamily was
displayed using FigTree. The rooting was inferred from Ariel et al. [1], angiosperm clade
composition, and outgroup sequences from other subfamilies (data not shown).

The outlier sequences excluded based on the preliminary phylogenetic tree were used
in a search against HMM of each subfamily using the hmmpfam available in the tool
HMMER v2.3.2 and the membership of sequences in each subfamily was investigated. The
process of generating a phylogenetic tree followed by excluding outlier sequences, re-
alignments, building HMMs, re-aligning using HMM, and rebuilding the trees, was iterated
several times for each subfamily. A phylogenetic tree with appropriate tree topology based
on evolutionary relationship among the five species was then generated for each subfamily.
Lastly, we added HD-Zip I to IV sequences from maize and poplar, and HD-Zip I and IV
sequences from cucumber that have recently been reported [8-11] to the final phylogenetic
trees. This will allow the investigation of orthologous sequences from eight species that
includes HD-Zip genes identified in all angiosperm species to date.

4.3.2 Validation, structural characterization, and duplication history of HD-Zip genes

The HD-Zip subfamilies have remarkably well-conserved domains, motifs, and gene
structures [1,2,4] that can be utilized to validate genes identified using phylogenetic analysis.
All sequences identified as HD-Zip genes as well as outlier sequences (excluded after

preliminary phylogenetic tree construction) were used as queries in a batch search [47]
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against Pfam 27.0, with an E-value threshold of 1E-3 to identify the conserved domains. The
conserved motifs were investigated by examining the sequence logos that were generated
using HMM sequence alignments of each subfamily. The gene structure was studied using
the exon-intron organization in the pre-mRNA. The gene structures were rendered using the
G. max cv. Williams 82 gene models (assembly v1.01, JGI Glymal.0 annotation) that were
downloaded from Phytozome [48] and using a modified version of the Bio-Graphics 2.25
feature draw.pl script [49]. The genomic locations were obtained from the GFF file of G.
max assembly v1.01, JGI Glymal.0 annotation, and were displayed using chromosome
visualization tool (CViT) [50]. The homoeologous HD-Zip gene pairs that are a result of the
early-legume WGD event (~59 Mya), and the Glycine-specific duplication event (~13 Mya),
were inferred from the phylogeny, as well as from the syntenic paralog pair information
available for all soybean genes from the Joint Genome Institute (JGI) at Phytozome [51].
Paralogous genes resulting from tandem duplication events were identified based on their
proximity on the same chromosome [52] and pairing in the same clade in the phylogenetic
tree.
4.3.3 Expression profiles of HD-Zip genes in 24 conditions (17 tissues) of soybean

An RNA-Seq atlas of G. max describing expression of genes in 24 conditions
including at least 17 different tissues of soybean was reported by Severin et al. [53] and
Libault et al. [54,55]. The Reads/Kb/Million (RPKM) normalized data for 14 tissues
investigated by Severin et al. are available for download and interactive analysis at SoyBase
[56], and expression data for three additional tissues, and tissues infected with the bacterium
Bradyrhizobium japonicum are available at SoyKB [57]. A gene was considered expressed if

the RPKM value was greater than or equal to two in an expression atlas (modified criteria
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from [58]). The RPKM normalized read count data of expressed genes was logz-transformed
and displayed in the form of heatmaps for each subfamily. The heatmap was generated in R
[59] using the heatmap.2 function available in the gplots CRAN library. Genes in the
heatmaps were ordered for consistency with the phylogeny.
4.3.4 Plant material and stress experiment

The seeds of G. max cv. Williams 82 were germinated on moist germination paper
and were allowed to grow until the v1 stage (first trifoliolate stage) in a growth chamber
maintained at 77 F and 60% humidity throughout the experiment. The temperature and
humidity were continuously monitored and maintained in the growth chamber. The salt
treatment was applied by transferring the seedlings into 100 mM NaCl solution. For the
dehydration treatment, plants were removed from the germination paper and left in air under
water-limiting conditions to impose dehydration stress. Root tissue was harvested after 0, 1, 6
and 12 hr of stress treatments. Five plants per time point were maintained for each of the
stress treatments. In order to verify the gradual imposition of salt stress treatment, electrical
conductivity was measured in two fragments of germination paper, after harvesting root
tissue from plants exposed to salt stress at each of the time points (data not shown). Total
RNA was isolated using Qiagen RNeasy® Plant mini kit from three biological replicates per
time point per the manufacturer’s protocol. The RNA samples were treated with Ambion®
TURBO DNA-free™ DNase to get rid of any DNA contamination in the RNA samples. The
RNA samples were inspected for their quality and quantity using NanoDrop®

spectrophotometer and Qubit® fluorometer.
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4.3.5 Sequencing, data processing, gene expression analysis and annotation under stress
conditions

Total RNA from 21 samples that includes three control samples (0 hr), and three
biological replicates for each of the three time points 1, 6 and 12 hr under dehydration and
salt stress was sent to the National Center for Genome Resources (Santa Fe, NM, USA) for
sequencing on [llumina® HiSeq 2000. Seven randomly chosen samples were multiplexed in
each lane and three lanes of HiSeq 2000 were utilized to generate single-end short-reads of
1x50 bp lengths. The reads were aligned with GSNAP [60] using default settings with a
maximum of 4 mis-matches allowed against the Glycine max genome assembly and
annotation v1.01 from Phytozome (JGI Glymal.0 gene calls). The uniquely mapped reads
that mapped to a single location in the genome were analyzed for differential gene expression
between the control and treatment samples using the R package DESeq v1.7.10 [61]. A gene
was considered to be DE if it satisfied the following three stringent filtering criteria: (1) P-
value adjusted for multiple testing correction using Benjamini and Hochberg method [62] to
be less than 0.05, (2) two fold or greater fold change, (3) residual variance quotients of both
the control and treatment samples of less than 20. The residual variance criterion was used to
filter genes that have significant variation between replicates, per recommendations in the
DESeq manual (Released April 20, 2011). The raw and the normalized read counts, and the
sequence data has been deposited in NCBI’s Gene Expression Omnibus [63,64] and are
accessible through the GEO series accession number GSE57252.

The DE genes were annotated using the top Arabidopsis hit, and the corresponding
gene ontology (GO) biological process and molecular function terms were inferred [65]. The

DE genes under dehydration and salt stress were then screened separately for overrepresented
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GO terms against all soybean genes using Fisher’s exact test [66] and Bonferroni [67]
corrected significance value of less than 0.05. The overrepresented GO terms were enriched
at the second level using BLAST2GO v.2.7.1 [68] and a reduced representation of enriched
GO terms was obtained. The DE genes were also annotated using the SoyDB [69,70]
transcription factor (TF) database, and Fishers’s exact test followed by Bonferroni correction
was utilized to determine the overrepresented TF classes under each of the stress conditions.
4.3.6 Screening of HD-Zip gene promoters for conserved motifs of transcription factor
binding sites (TFBSs)

For the purpose of this study, the one kilobase (kb) region upstream of the annotated
transcription start site for each gene was evaluated for promoter motifs. Promoter sequences
were retrieved using custom Perl scripts for all gene models in the soybean genome.
Promoter sequences that were either less than one kb or included two or more Ns were
excluded from the analysis. The program Clover [71] was used to scan through a database of
known motifs in TRANSFAC® v. 2010.4 [72]. Promoters of HD-Zip genes belonging to
each subfamily were scanned separately for enriched motifs against a background of all
soybean gene promoters, with a P-value threshold of 0.05 and an individual motif hit score of
greater than or equal to 6. Similarly, promoters of genes that were DE in at least one of the
three time points under dehydration and salt stress were screened to identify overrepresented
motifs under each of the stress treatments. The overrepresented motifs were filtered to
include only plant motifs. A comparison was made between motifs that were overrepresented
in the promoters of HD-Zip genes belonging to each of the subfamilies and dehydration and

salt stress treatments.



112

4.4 Results

4.4.1 Classification of HD-Zip genes using phylogenetic analysis

A BLASTP search with the Arabidopsis HD-Zip genes against soybean, M.
truncatula, grape and rice, followed by reconstruction of the phylogeny, clustered the
sequences into four previously defined HD-Zip subfamilies (I to IV). HMMs for each
subfamily were used to determine subfamily membership and refine alignments. The outlier
sequences excluded from the preliminary tree (see methods for details) included six
sequences that belonged to the HD-Zip IV subfamily and these were included in the final
phylogenetic trees of the four subfamilies (Figures 1, 2, 3 and 4).

Based on the species clustering patterns and the number of copies of genes belonging
to each species, we identified four old angiosperm clades in HD-Zip II, III and IV, and five
clades in HD-Zip I (Figures 1, 2, 3 and 4). The topology of most of the angiosperm clades is
generally consistent with the species tree. Typically the two legume species (soybean and M.
truncatula) form a clade, with Arabidopsis, grape, and rice each as increasingly distant
outgroups from the legume sequences in the clade. The number of copies of genes of each
species in each angiosperm clade reflects the number of WGD events the species has
undergone. For instance, four of the five angiosperm clades in HD-Zip I phylogeny included
exactly three grape sequences — likely the result of the “gamma” triplication event that
occurred around 117 Mya [29,30], and the angiosperm clade A1l in the HD-Zip I phylogeny
contains nine of the 12 possible soybean sequences - possibly the result of “gamma”
triplication event (~117 Mya), and the legume- (~59 Mya) and Glycine-specific (~13 Mya)

WGD events [30,32]. We identified 101 genes in soybean, 47 in Arabidopsis, 33 in grape,
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and 41 each in M. truncatula and rice (Table 1). The highest gene retention rate (52.7%)
among the five species is in HD-Zip IV, whereas the HD-Zip III has the lowest (20.3%)
retention rate (Table 1). Although soybean has the highest number of genes, grape and rice
have relatively higher retention rate of 64.7% and 60.3% respectively (Table 1). Arabidopsis
has the lowest retention rate of 23.0%, whereas soybean and M. truncatula have intermediate
retention rates of 49.5% and 40.2% respectively (Table 1). The varying rate of retention
across the five species reflects the changes in the genomes of each of the species after WGD
events. Overall the phylogenetic analysis together with the WGD histories helps clarify our
understanding of the evolution of each of the subfamilies.

In the phylogeny generated with sequences from eight species, the eudictos (poplar,
cucumber, Arabidopsis, grape, soybean and M. truncatula) usually clustered together, with
the monocots (rice and maize) as an outgroup (Additional file 5: Figure S5, Additional file 6:
Figure S6, Additional file 7: Figure S7 and Additional file 8: Figure S8).

4.4.2 Validation of HD-Zip genes using conserved domains, motifs and gene-structures

The HD-Zip I and II sequences contain the Homeobox (PF00046.24) domain and
belong to the Homeobox associated leucine zipper family (HALZ; PF02183.13). In addition,
the HD-Zip II sequences contain the conserved residues “CPSCE” at the carboxy terminal,
and seven of the 24 HD-Zip II sequences contain a HD-ZIP_N (PF04618.7) domain at the N-
terminal. The HD-Zip III sequences are highly conserved among all five species along the
complete length of the coding sequence (Additional file 3: Figure S3). They contain the
Homeobox (PF00046.24), START (PF01852.14) and MEKHLA (PF08670.6) domains. The
HD-Zip 1V sequences contain the Homeobox (PF00046.24) and the START (PF01852.14)

domains. The presence of leucine zipper motif immediately following the homeodomain in
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HD-Zip III and IV sequences was confirmed using the sequence logos (Additional file 3:
Figure S3, Additional file 4: Figure S4). Exon-intron structures are characteristic for each
subfamily (Additional file 9: Figure S9, Additional file 10: Figure S10, Additional file 11:
Figure S11 and Additional file 12: Figure S12). The HD-Zip III is particularly conserved,
with each gene containing exactly 18 exons. The numbers of exons in genes in the HD-Zip 1,
IT and IV subfamilies are in the ranges 1-5, 3—6, and 8-12. The HD-Zip I and II genes code
for smaller proteins, with average peptide length of 265 and 275 amino acids, whereas HD-
Zip Il and IV genes code for average peptide lengths of 840 and 741 amino acids.
4.4.3 Genomic locations of HD-Zip genes in the soybean genome

The HD-Zip genes are distributed on all 20 chromosomes in the soybean genome,
typically in the more gene-dense euchromatic regions near chromosome ends (Figure 5). One
HD-Zip II gene (Glyma0041s00350) was found on an unanchored scaffold 41. The HD-Zip
genes generally do not occur in clusters or arrays, with only three instances of tandemly
duplicated genes.
4.4.4 Genome duplications and expansion of HD-Zip family in the soybean genome

Copy number expansion of the HD-Zip family in the soybean genome has primarily
occurred through genome duplication events (Figure 5, Additional file 13: Table S1). Each
angiosperm clade in each of the four subfamilies (Figures 1, 2, 3 and 4) contains two to four
soybean gene copies that are a result of retention of genes after the legume WGD (~59 Mya)
and/or the Glycine-specific WGD (~13 Mya). Retention of genes following these WGDs has
been high, with retention of 32 of 36 HD-Zip I (88.9%), 20 of 24 HD-Zip II (83.3%), 10 of
11 HD-Zip III (90.9), and 26 of 30 (86.7%) HD-Zip IV genes (Additional file 13: Table S1).

There are two tandemly duplicated HD-Zip pairs in subfamily III, and another pair in
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subfamily IV. Phylogenetic patterns indicate that the tandemly duplicated genes in subfamily
III further duplicated during a WGD event, giving rise to Glyma07g01940 and
Glyma07g01950 on chromosome 07 and Glyma08g21610 and Glyma08g21620 on
homoeologous chromosome 8. Genes Glyma09g02990 and Glyma09g03000, in HD-Zip IV,
are another pair of tandemly duplicated genes. The Glycine WGD event resulted in the
homoeologous gene pair Glyma09g03000 and Glymal5gg13950, whereas the homoeologous
gene for Glyma09g02990 has evidently either been lost following the WGD — or the
Glyma09g02990 and Glyma09g03000 duplication occurred after the Glycine WGD. Overall,
88 of the 101 HD-Zip genes are members of homoeologous gene pairs in the soybean
genome.
4.4.5 Expression of HD-Zip genes in 24 conditions including 17 tissues of soybean

The expression of HD-Zip genes was investigated using the G. max gene expression
atlas reported by Severin et al. [53], and Libault et al. [54,55]. Of the 44 homoeologous gene
pairs, 41 show expression in identical tissues (Figures 6, 7, 8, and 9, Additional file 14:
Figure S13, Additional file 15: Figure S14, Additional file 16: Figure S15 and Additional file
17: Figure S16). The remaining three show divergent patterns in different tissues between the
WGD-derived paralogs (Figures 6 and 9). HD-Zip I gene Glyma06g20230 was expressed in
each of the 14 tissues, whereas the homoeolog Glyma04g34340 was expressed in the roots,
“pod.shell. IODAF” and “pod.shell.14DAF.” HD-Zip I gene Glymal9g01300 had expression
in each of the 14 tissues, but the homoeolog Glymal3g23890 lacked expression in five “seed
tissues” (10 DAF, 14 DAF, 21 DAF, 25 DAF and 28 DAF). HD-Zip IV gene
Glymallg00570 was expressed only in the flower, whereas the homoeolog Glyma01g45070

was expressed in young leaf, flower, “one.cm.pod” and “pod.shell. 10DAF.” Similar
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divergent gene expression patterns between these homoeologous genes were also noticed in
the gene expression atlas reported by Libault et al. [54] (Additional file 14: Figure S13,
Additional file 17: Figure S16).

Three HD-Zip I (Glymal2g18720, Glyma06g35050, and Glymal9g44800), and four
HD-Zip IV (Glyma08g09440, Glymal5gl13950, Glyma09g03000, and Glyma05g33520)
genes showed no expression in any of the 14 tissues investigated by Severin et al. [53].
However, we found evidence of expression for Glymal2g18720 - HD-Zip I in the roots
subjected to dehydration stress after 12 hr (data generated in this study). Glyma06g35050 -
HD-Zip 1 showed expression in leaf, flower and root tip, whereas Glyma09g03000 and
Glyma05g33520 - HD-Zip IV were expressed in green pods and shoot apical meristem
respectively in Libault et al. [54]. The remaining three genes had no evidence for expression
(Glymal19g44800 - HD-Zip I and Glyma08g09440, Glymal5g13950 - HD-Zip IV) in either
of the two atlases. These three genes did not reveal any frame shift mutations when
investigated at the sequence level. Hence, might be pseudogenes, or incorrectly predicted
gene models — or they may only be expressed in certain tissues or under conditions that have
not been sampled in this study.

Based on the mean expression of genes across 14 tissues investigated by Severin et al.
[53], HD-Zip I and II genes had relatively higher expression in roots and flowers; HD-Zip III
in young leaves, “one cm pod,” and “pod shell 10 days after flowering;” and HD-Zip IV in
young leaves and flowers. Similar results were observed using the expression atlas generated
by Libault et al. [54], with the exception of highest mean expression of genes belonging to
each of the subfamilies was noticed in shoot apical meristem. Overall, HD-Zip genes had

expression in each of the 17 tissues.
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The screening of HD-Zip gene expression using mock-inoculated and B. japonicum-
infected root hair cells at different time points highlighted HD-Zip genes with more than two
fold expression differences between control and treatment samples (Additional file 18:
Figure S17, Additional file 19: Figure S18, Additional file 20: Figure S19 and Additional file
21: Figure S20). More than 50% of the genes belonging to the HD-Zip III showed greater
than two-fold difference between control and treatment samples at least at one time point
(Additional file 20: Figure S19).

4.4.6 Expression of HD-Zip genes under dehydration and salt stress using RNA-Seq

To identify HD-Zip family members responsive to abiotic stress, we used an RNA-
seq approach. Twenty-one samples were analyzed by RNA-seq including three control
samples (0 hr), and three biological replicates for each of the three time points 1, 6 and 12 hr
under dehydration and salt stress. The total number of reads generated in the RNA-Seq
experiment from sequencing of 21 sample libraries was 238.8 million, of which 181.2 million
(75.9%) uniquely mapped to a single location in the soybean genome (Table 2).

We identified 4,389 and 8,077 genes to be DE in at least one of the three time points
(1, 6 or 12 hr) under dehydration and salt stresses respectively (Additional file 22: Table S2,
Additional file 23: Table S3, Additional file 24: Table S4, Additional file 25: Table S5,
Additional file 26: Table S6 and Additional file 27: Table S7) (see Methods for the filtering
criteria). Salt stress resulted in mostly upregulation of genes, whereas dehydration stress
caused downregulation of genes (Additional file 28: Table S8). The number of genes
discarded from the differential expression analysis due to significant amount of variation
between the replicates under dehydration and salt stress at a given time point ranged from

119 to 220 (Additional file 28: Table S8). The raw and DESeq-normalized expression values
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for each gene model under both dehydration and salt stress at 1, 6 and 12 hr are provided in
Additional file 29: Table S9 and Additional file 30: Table S10 respectively.

Six genes were DE at least at one of the three time points under dehydration stress
(Figure 10): five in HD-Zip I, and one in HD-Zip II. Two genes were upregulated and the
remaining four were downregulated under dehydration stress. Glyma0Olg04890 was
significantly DE at two different time points. Three of the five DE HD-Zip I genes
(Glymal7g10490, Glyma06g20230 and Glyma05g01390) belong to the angiosperm clade A5
(Figure 1), and were a result of the early-legume WGD and the recent Glycine WGD.

We found sixteen genes DE at one of the three time points under salt stress (Figure
11): seven in HD-Zip I, four in HD-Zip II, one in HD-Zip III, and four in HD-Zip IV. Nine
genes were upregulated and the remaining seven genes were downregulated under salt stress.
Five of the 16 genes were significantly DE at two time points (HD-Zip I: Glyma01g04890,
Glyma07g05800; HD-Zip II: Glymal5g18320, Glymal3g00310; HD-Zip IV:
Glymal3g43350). Four of the seven DE HD-Zip I genes were two homoeologous gene pairs
(Glyma07g05800/Glymal6g02390; Glyma01g38390/Glymal1g06940). One of the pairs is a
member of angiosperm clade A3, and the other belongs to angiosperm clade A1 (Figure 1).
One pair each from the HD-Zip 1II and HD-Zip IV DE genes
(Glymal5g18320/Glymal3g00310 and Glymal3g43350/Glyma07g02220, respectively)
resulted from the early-legume WGD. The HD-Zip IV gene Glymal3g38430 was not
expressed under the control condition (0 hr time point), but was upregulated after 12 hr under
salt stress.

The two HD-Zip I genes, Glyma01g04890 and Glymal6g02390, were DE under both

dehydration and salt stress. Glyma01g04890 was upregulated at the 6 hr and 12 hr time
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points under both stress treatments, whereas Glymal6g02390 was downregulated at the 6 hr
time point under dehydration stress, and upregulated at the 12 hr time point under salt stress.
In summary, 20 of the 101 HD-Zip genes in soybean were DE under either dehydration or
salt stress, at least at one time point. Eleven of these 20 genes shared a common ancestor
either before the early-legume or the Glycine WGDs, implying conservation of gene
functions following these genome duplications.
4.4.7 Annotation of differentially expressed genes under dehydration and salt stress

In order to help evaluate and confirm results from the application of dehydration and
salt stress treatments, GO and TF enrichment analysis were performed on the DE genes.
Under dehydration stress, 28 “biological process” and 15 “molecular function” terms were
significantly (corrected P <0.05) overrepresented, whereas 41 “biological process” and 27
“molecular function” terms were significantly (corrected P <0.05) overrepresented under salt
stress (Additional file 31: Table S11). The enriched biological processes and molecular
functions include terms such as - “GO:0009414 - response to water deprivation,”
“G0O:0015250 - water channel activity,” and “G0O:0009651 - response to salt stress,”
consistent with the experimental treatments (dehydration and salt stress). At the second level
of GO analysis, the biological process category “response to stimulus” was the most
prevalent one under both stress treatments, followed by “cellular process” and “metabolic
process” (Figure 12A), while in the molecular function category, “catalytic activity” and
“binding” were highly represented (Figure 12B).

We identified 503 and 862 TFs among the DE genes under dehydration and salt stress
treatments respectively (Additional file 32: Table S12). These TFs corresponded to 35 and 47

TF classes under dehydration and salt stress. Using the enrichment analysis, we identified
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four TF classes, “WRKY,” “AP2-EREBP,” “ZIM” and “C2C2 (Zn) CO-like” to be
significantly (corrected P <0.05) overrepresented under both stress treatments, whereas the
TF class “NAC” was overrepresented only under salt stress (Table 3).

4.4.8 Promoter analysis

The enrichment analysis performed with the Clover program [71] and the
TRANSFAC database [72] on the promoters of HD-Zip genes identified four different
transcription factor binding sites (TFBSs) overrepresented in the promoters of HD-Zip I
genes, and at least 9 different TFBSs in HD-Zip II to IV genes (Table 4). The genes
belonging to the same subfamily had a diverse profile of TFBSs enriched in the promoters,
suggesting the possible role of promoter sequences in functional diversification of the HD-
Zip genes of the same subfamilies (Additional file 33: Table S13). The homoeologous genes
in all subfamilies had reasonably different TFBSs enriched in their promoters, suggesting
specific regulation of homoeologous genes under particular conditions (Additional file 33:
Table S13).

There are 14 TFBSs overrepresented in the promoters of HD-Zip genes as well as
promoters of DE genes under dehydration stress. Similarly nine TFBSs are overrepresented
in the promoters of HD-Zip genes and the promoters of DE genes under salt stress (Table 4,
Additional file 34: Table S14). These TF classes are potential candidates that may influence
both HD-Zip genes as well genes involved in dehydration and salt stress responses.

The TFBSs “Dof3” and “PBF” are overrepresented in more than 90% of the HD-Zip |
and IV genes respectively, and “Alfinl” is overrepresented in more than 90% of HD-Zip II
and III genes (Table 4). Hence, these transcription factors probably play an important role in

regulating certain HD-Zip genes.
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Finally, all but three TF classes corresponding to enriched TFBSs in the promoters of
HD-Zip genes contain DE genes under dehydration and salt stress (Table 4). This observation
is consistent with HD-Zip genes playing important roles under dehydration and salt stress-

responsces.

4.5 Discussion

4.5.1 Identification and phylogenetic analysis of HD-Zip genes

In this study we have identified and characterized 101 HD-Zip genes in the soybean
genome. Recently, 88 HD-Zip genes have been described in soybean [12]. Chen et al. [12]
used BLASTP to identify 100 putative HD-Zip transcription factors. SMART and PFAM
analyses requiring both an HD and LZ domain were used to refine the number of HD-Zip
genes to 88. Similarly, we initiated our study using BLASTP of Arabidopsis HD-Zip genes
against the proteomes of soybean, M. truncatula, rice and grape. We then used phylogenetic
analyses coupled with HMM searches, domain analyses, and known evolutionary
relationships among the five species, to identify more diverse members of the HD-Zip family
in each of these species. Using this approach, we were able to identify 13 additional novel
HD-Zip genes in soybean and identify the HD-Zips in M. truncatula and grape, which had
previously been unreported. Not surprisingly, our approach had the biggest impact on the
largely uncharacterized HD-Zip IV genes. While Chen et al. [12] reported 19 genes in HD-
Zip IV, we have found 30 genes. These genes may have novel biological functions.

By including multiple species in our search for HD-Zip genes, we also improved the

classification of the different family members in soybean and other species. The clustering of
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Arabidopsis genes in the HD-Zip subfamilies was consistent with the results of Ariel et al.
[1]. The HD-Zip I and II subfamilies can be classified into nine (a, B1, B2, v, 9, €, ¢1, ¢$2 and
) and four (a, B, y and J) clades respectively that have been previously described in studies
on Arabidopsis, rice and maize [4,7,8] (data not shown). Although the results in our study are
consistent with the later classification, we suggest that the later strategy be used with
discretion. One instance where it can lead to conflicting results is that the { clade has been
described as monocot-specific clade in all previous studies [4,7,8], but this clade clearly
contained dicot sequences as a part of an old angiosperm clade in our study. One potential
reason for this conflict is that the previous studies included only Arabidopsis [4,8] or
Arabidopsis and C. plantagineum [7] as the dicot species. Sampling of additional dicot
sequences of soybean, M. truncatula and grape in this study provided a clearer picture of the
taxonomic contexts of the HD-Zip gene family.

We identified five ancient angiosperm clades in HD-Zip I, and four in the HD-Zip 11,
III and IV subfamilies. The presence of these multiple angiosperm clades in each subfamily
is consistent with the recent discovery of two ancient WGD events, one occurring at the base
of the angiosperm lineage (ancient angiosperm WGD) and the other before the angiosperm-
gymnosperm split (ancestral seed plant WGD) [31]. Early diversification driven by multiple
early-plant WGDs is also consistent with a previous study of the evolution of HD-Zip III
subfamily in land plants [73]. The presence of five angiosperm clades in HD-Zip I (rather
than the four that would be expected from two early WGDs) is intriguing and needs further

investigation in the context of synteny analysis and inclusion of additional species in the

phylogeny.
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A phylogeny with eight species, including published HD-Zip sequences from maize,
poplar and cucumber, was largely congruent with the phylogeny generated using five species.
These phylogenetic relationships will help identify orthologous genes, and accelerate
functional characterizations studies.

4.5.2 Conserved domains and gene structures for validation of HD-Zip genes

PFAM and sequence logos identify highly conserved domains and motifs in the HD-
Zip gene family. These have been reported in previous studies [1,2,4,12], but we note two
exceptions: Arabidopsis HD-Zip 1 gene AT1G27050 had an additional “RRM_1” (RNA
recognition motif), and Medicago HD-Zip IV gene Mt.ctgl27898 1 had two START
domains. Overall, the highly conserved domains and motifs are the signatures of the HD-Zip
gene family and can be utilized to validate genes identified using several approaches.

Exon-intron structures are generally well conserved in each HD-Zip subfamily,
particularly within each angiosperm clade. The HD-Zip III gene-structures were remarkably
conserved, with each of the soybean genes having precisely 18 exons. Considering HD-Zip
IIT gene structures reported in other species, all genes in poplar had 18 exons [9], and 4 of the
5 maize genes had 18 exons [8], but in rice only one of the four genes had 18 exons [7]. The
generally well-conserved exon structure in HD-Zip III genes across different species
highlights the possibility of conserved gene function and strict regulation of these genes. In a
recent study involving identification of genes that are potential targets of miRNA in
developing soybean seeds, all HD-Zip III genes were found to be targets of miRNA 166 [74].
Prigge and Clark [73], and Floyd and Bowman [75] have previously suggested that HD-Zip
IIT sequences across all land plants produce transcripts that could be targeted by miRNA165

and miRNA166. DeRocher and Nguyen [76] overexpressed Arabidopsis HD-Zip 111 gene
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REVOLUTA in soybean embryo, leading to seed yield increase with no change in the seed
composition. In short, the HD-Zip III genes appear to be both highly conserved and under
intricate transcriptional regulation.

4.5.3 Expansion of HD-Zip gene family

The 101 HD-Zip genes in soybean is the highest number reported so far in any
angiosperm species, comparing with 48 in Arabidopsis [2], 55 in maize [8], 47 in rice [2],
and 63 in poplar [9]. The HD-Zip genes in soybean have expanded during the early-legume
WGD event (~59 Mya), and the Glycine WGD event (~10 Mya), with high retention of
paralogs. Expansion of the HD-Zip gene family due to WGDs has been previously reported
in other species. The Arabidopsis, rice, maize and poplar have at least 75%, 50%, 62% and
81% homoeologous gene pairs respectively [5,6,8,9,77-79]. However, in cucumber, a species
that lacks WGD events since eudicot radiation, there are no homoeologous gene pairs among
HD-Zip I and IV (the two subfamilies described in cucumber) [10,11]. These results imply
that the HD-Zip gene family has expanded in a species-specific manner, with copy number
generally depending on WGD events and high retention rates after duplications.

Gene families can be broadly categorized as having high rates of retention of
segmental (WGD-derived) duplicates and low generation or retention of tandem duplicates —
or vice versa (low segmental retention, high tandem generation and retention) [80]. The low-
tandem/high-segmental duplication class of gene families has been reported to comprise
highly conserved, housekeeping, and key regulatory gene families [80] — for example,
transcription factor families such as heat shock and WRKY, housekeeping families such as
mitochondrial carrier proteins [81,82], and the proteasome 20S subunit family [83,84].

Clearly, the HD-Zip superfamily falls in the “high segmental, low tandem” category, with
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only three tandem duplication events in the HD-Zip genes in soybean. The expansion and
retention of the HD-Zip family during segmental duplication events will have consequences
for functional characterization studies, due to the possibility of genetic redundancy in
duplicated genes.

4.5.4 Gene expression patterns of HD-Zip genes in 24 conditions, including 17 tissues

The G. max expression atlas [53] was initially utilized for investigating gene
expression patterns of HD-Zip genes in 14 tissues of soybean. The average expression values
across 14 tissues for each subfamily was highly variable, and there were genes with
extremely high expression relative to the average expression across tissues in each of the
subfamily. Investigating gene expression patterns separately for each subfamily on a logs-
transformed scale helped identify gene expression patterns that were unreported in Chen et
al. [12]. Chen et al. [12] displayed expression of all four subfamilies on a single scale using
average linkage clustering method. In addition we utilized two additional gene expression
atlases developed by Libault et al. [54,55], which allowed investigation of HD-Zip genes in
three additional tissues, and seven different conditions.

All but three homoeologous gene pairs show consistent expression in the same tissues
between the WGD-derived paralogs, suggesting retention of HD-Zip gene functions after
genome duplications. The genome duplication events provide raw materials for new gene
functions. The duplicated gene can evolve to have a new function (neofunctionalization) [85]
or can acquire new deleterious mutations and become a pseudogene (pseudogneization); or
both the ancestral and the newly formed gene can undergo reduction in their levels and
patterns of activity, such that jointly their function matches with that of the ancestral gene

(subfunctionalization) [86].
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4.5.5 RNA-Seq based expression profiling of soybean genes during dehydration and salt
stress

RNA-Seq analysis was utilized to investigate genes involved in dehydration and salt
stress. The expression of all soybean genes including the 101 HD-Zip genes identified in this
study was studied in the roots of soybean cv. Williams 82 at V1 stage, at four different time
points, and under dehydration and salt stress. The evaluation of plants at the V1 stage may
assist in identification of candidate genes involved in initiation of dehydration and salt stress.
Recently, Chen et al. [12] reported the influence of drought and salinity stress on HD-Zip
genes using publicly available microarray data sets available at National Center for
Biotechnology Information under accession numbers GSE41125 and GSE40627. The
microarray datasets facilitated investigation of the expression of 55 of the 88 HD-Zip genes
identified in their study. The microarray dataset GSE40627 reports expression of genes in the
leaves under drought stress imposed at late developmental stages (V6 and R2), whereas the
dataset GSE41125 describes expression of genes in 14 d seedlings utilizing pooled RNA
samples from 0, 3, 6, 12 and 24 hr of mock and salinity stressed plants. Thus, in the current
study, the utilization of root tissue at the V1 stage, and investigation of gene expression
separately at each of the four time points 0, 1, 6 and 12 hr provided clearly different and
more precise insight into genes that are involved in dehydration and salt stress.

We identified 4,389 and 8,077 genes to be DE in the roots of soybean cv. Williams 82
at the V1 stage at least at one of the three time points (1, 6 or 12 hr) under dehydration and
salt stress respectively. Partial validation of DE genes for their role in abiotic stress responses
was obtained by performing GO and TF enrichment analysis. The highly represented

2 ¢

biological process GO categories, “response to stimulus,” “cellular process,” and “metabolic
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process” as well as the molecular function categories, “catalytic activity” and “binding,” are
generally found to be enriched during abiotic stress responses [87-89]. Similarly, the four TF
classes WRKY [90-92], AP2-EREBP [93-95], ZIM [96-98] and C2C2 (Zn) CO-like [99-101]
(all enriched under both dehydration and salt stresses), and NAC [102-104] (overrepresented
under salt stress) are major TFs that have previously been shown to play critical role in stress
responses, and are consistent with results reported in this study.

4.5.6 Expression profiling of HD-Zip genes under dehydration stress

RNA-Seq analysis identified 20 HD-Zip genes DE in the roots of soybean cv.
“Williams 82,” under dehydration and salt stress. The role of HD-Zip genes in regulation of
developmental adaptation under different environmental stress conditions has been
previously established in Arabidopsis, Medicago, rice, sunflower, maize, cucumber, and
poplar [4,7-11,19,105-108].

All six genes identified as DE in the roots under dehydration stress in this study, were
also, DE under drought stress in leaves [12]. Four of the five DE HD-Zip I genes belong to
the angiosperm clade A5. This clade contains genes such as CPHB-5 from C. plantagineum,
and Zmhdz1, —2, —3 from maize, that have previously been shown to have a role in water-
stress response [4,8,20]. Chen et al. [109] showed Glyma06g20230 DE in this study was DE
under dehydration stress, in the roots of drought-tolerant soybean genotype, “Jindou21.”

HD-Zip I gene Glymal6g02390 that is DE under dehydration stress belongs to the
angiosperm clade A3. Genes in this clade have been extensively characterized for their role
in water-stress responses in other species. For example, the Arabidopsis ATHB7 and
ATHBI12 genes have been shown to reduce plant growth under water-deficit condition

[13,16,17]. The sunflower HaHB4 gene is strongly induced by water deficit stress [14], and
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when over-expressed in Arabidopsis the plants exhibit increased survival by a process that
inhibits-drought related senescence [18,19]. The N. attenuata NaHDZ2(0 gene is induced in
roots under water-deficit conditions [15]. The rice Oshox6, 22 and 24 genes are involved in
drought-responsiveness [7]. Hence, we hypothesize that the soybean gene Glymal6g02390
may have a role under water-deficit stress response and is a potential candidate for functional
characterization.

HD-Zip 1l gene Glyma08g15780 that is DE under dehydration stress is an ortholog of
rice genes OshoxI1 and Oshox27, which have also been demonstrated to be involved in
drought-response [7].

In summary, the HD-Zip I and II genes show differential expression patterns under
dehydration stress that are consistent with the water-deficit stress response functions of
orthologous genes previously identified in studies of water stress. These results support that
HD-Zip I and II genes may generally have a role, conserved across many angiosperm
species, in mediating water-stress responses; and that these genes may be viable targets for
developing more drought-tolerant soybean cultivars.

4.5.7 Expression profiling of HD-Zip genes under salt stress

A subset of HD-Zip genes, from each of the four subfamilies, responded to salt (100
mM NacCl) stress in the roots, in at least one of the three time points. Six of the 16 genes
(Glyma01g04890, Glyma07g05800, Glymal6g02390, Glymal3g05270, Glymal5gl18320,
Glyma03g30200) DE under salt stress have been recently shown to respond to salt stress, in
14 d old seedlings of soybean plant, in a microarray experiment [12].

The HD-Zip I gene Glymal3g05270 was downregulated under salt stress, which is

similar to the expression of its Arabidopsis orthologs, ATHB3 and ATHB20, which are
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similarly downregulated under salt stress [5]. The homoeologous genes Glyma01g38390 and
Glymal1g06940 were upregulated after 12 hr of salt stress, comparable to the Arabidopsis
orthologs, ATHB20, ATHB50 and ATHBS53, which are upregulated more than two-fold under
salt stress [5].

Two of the four DE HD-Zip IV genes, Glymal3g43350 and Glymal3g38430, had
nearly zero expression under control conditions, but were upregulated under salt stress,
suggesting a possible role in root development under stress conditions. Glymal343350 and
Glyma07g02220 are orthologs of the Arabidopsis gene GLABRA2, which has been
functionally characterized and shown to regulate root hair development, and cell
specification of root epidermis in salt stressed plants [78,110-112].

The two homoeologous HD-Zip I genes (Glyma07g05800 and Glymal6g02390)
upregulated under salt stress belong to the angiosperm clade “A3.” This clade contains the
functionally characterized Medicago gene MtHB1 (Medtr82026960). MtHBI is induced in
the roots under ABA and salt stress, and regulates lateral root emergence in Medicago [26].
The reduction of lateral root emergence by MtHBI, under salt stress, is a mechanism to
minimize the exposure of plant roots to excess salt in the soil.

The HD-Zip I gene Glyma01g04890 was upregulated at 6 and 12 hr time points under
both salt and dehydration stress. This gene was also upregulated under both drought and salt
stress in the leaves and seedlings, respectively, in two microarray experiments [12]. A
BLASTP search with Glyma01g04890 protein sequence against the patent database
[113,114] found a match (E-value =0; Similarity >99.4%; Coverage =100%) with sequences

in five “patent applications” (US 2012 0278947 Al; US 2012 0096584 Al;
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US 2007 0277269 A1; US 2012 0005773 A1l; US 2009 0144847 A1) that described the
role of this sequence in improving plant performance under abiotic stress.
4.5.8 Functional diversity and regulation of HD-Zip genes

The presence of highly diverse TFBSs enriched in the promoters of HD-Zip genes
provides evidence for functional diversity. Previous studies have mainly focused on HD-Zip
target-sequences, and regulatory regions adjacent to the DNA-binding domain of HD-Zip
genes. All experimentally tested HD-Zip I genes have been shown to bind specifically, and
with high affinity to target-sequences comprising of the same pseudopalindromic sequence
CAAT(A/T)ATTG, under in vitro conditions [115-117]. Arce et al. [118] reported the
presence of activation domain, sumoylation, and phosphorylation sites in the carboxy-
terminal regions, and some putative regulatory regions in the amino-terminal regions, as
being responsible for the functional diversity of HD-Zip I genes.

The “Dof3” and “PBF” TFBSs are enriched in more than 90% of HD-Zip I and IV
gene promoters respectively. The “Dof” TFs like HD-Zip are plant-specific TFs and are
involved in several process, for example stress-responses [119-121], phytochrome signaling
[122], light-responses [123,124], responses to plant hormones including auxin [125,126] and
gibberellin [127,128], and seed germination [129,130]. PBF also known as whirly family are
known to regulate plant defense gene expression [131].

The TFBS “Alfinl” is overrepresented in more than 90% of HD-Zip II and III gene
promoters. “Alfin1” TFs are shown to contribute toward salt tolerance in plants [132,133].

Finally, the presence of highly diverse TFBSs enriched in the promoters of HD-Zip

genes, both within and across subfamilies, suggests the complex integration of HD-Zip genes
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in various signal-transduction pathways, with a potential source for functional diversity of

these highly conserved HD-Zip genes.

4.6 Conclusions

In this study we have described the soybean HD-Zip gene superfamily. Evolutionary
histories, interpreted in the context of whole genome duplication events and analysis of gene
structures, provide additional verification for the classification of the soybean HD-Zip genes.
The HD-Zip genes in the soybean genome were preferentially retained after the legume-
specific and/or Glycine-specific whole genome duplication events. The RNA-Seq experiment

identified candidate genes that may be involved in dehydration and salt stress responses.
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Figure 1. Phylogenetic relationships of HD-Zip I proteins from soybean, Medicago,
Arabidopsis, grape and rice. The phylogenetic tree was built using the maximum likelihood
method implemented in PhyML. The letters A1- A5 represent ancient angiosperm clades,
based on whole genome duplication events, and the copy number of genes from each of the
species. The branch support values estimated using approximate likelihood ratio test (aLRT)
are displayed in percentages. Rooting of the tree was inferred from Ariel et al. [1],
angiosperm clade composition, and outgroup sequences from other subfamilies. Genes from
each of the species are highlighted in different colors, soybean (red), Medicago (light blue),
Arabidopsis (dark blue), grape (green), and rice (Pink).
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Figure 2. Phylogenetic relationships of HD-Zip II proteins from

0502905640

soybean, Medicago,

Arabidopsis, grape and rice. The phylogenetic tree was built using the maximum likelihood
method implemented in PhyML. The letters A1- A4 represent ancient angiosperm clades,
based on whole genome duplication events, and the copy number of genes from each of the
species. The branch support values estimated using approximate likelihood ratio test (aLRT)
are displayed in percentages. Rooting of the tree was inferred from Ariel et al. [1],
angiosperm clade composition, and outgroup sequences from other subfamilies. Genes from
each of the species are highlighted in different colors, soybean (red), Medicago (light blue),

Arabidopsis (dark blue), grape (green), and rice (Pink).
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Figure 3. Phylogenetic relationships of HD-Zip III proteins from
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Arabidopsis, grape and rice. The phylogenetic tree was built using the maximum likelihood
method implemented in PhyML. The letters A1- A4 represent ancient angiosperm clades,

based on whole genome duplication events, and the copy number of g

enes from each of the

species. The branch support values estimated using approximate likelihood ratio test (aLRT)
are displayed in percentages. Rooting of the tree was inferred from Ariel et al. [1],
angiosperm clade composition, and outgroup sequences from other subfamilies. Genes from
each of the species are highlighted in different colors, soybean (red), Medicago (light blue),

Arabidopsis (dark blue), grape (green), and rice (Pink).
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Figure 4. Phylogenetic relationships of HD-Zip IV proteins from soybean, Medicago,
Arabidopsis, grape and rice. The phylogenetic tree was built using the maximum likelihood
method implemented in PhyML. The letters A1- A4 represent ancient angiosperm clades,
based on whole genome duplication events, and the copy number of genes from each of the
species. The branch support values estimated using approximate likelihood ratio test (aLRT)
are displayed in percentages. Rooting of the tree was inferred from Ariel et al. [1],
angiosperm clade composition, and outgroup sequences from other subfamilies. Genes from
each of the species are highlighted in different colors, soybean (red), Medicago (light blue),
Arabidopsis (dark blue), grape (green), and rice (Pink). Genes Medtr5g005600.1 and
0Os01g57890 belong to the angiosperm clade “A2.” These two genes are not shown in the
phylogeny  because  adding  them  significantly  affects  the  topology.
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Figure 5. Chromosomal locations and synteny relationships of soybean HD-Zip genes. The chromosomal locations of the soybean
HD-Zip genes were obtained from the GFF file of Glycine max assembly v1.01, annotation 1.09, and were displayed using
chromosome visualization tool (CViT). All chromosomes and gene locations are shown to scale. Glyma0041s00350 located on
scaffold 41 (149758-152298 bp) is included independently in the figure. The homoeologous gene pairs are identified with colored
solid lines on the left side of the chromosomes. The chromosomes and the solid lines with identical colors are syntenic regions
containing homoeologous genes. A detailed list of homoeologous HD-Zip genes is also provided in Additional file 13: Table SI.
The HD-Zip 1 genes are indicated in yellow, HD-Zip II in purple, HD-Zip III in blue, and HD-Zip IV in green.
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Figure 6. Expression profiles of HD-Zip 1 genes in 14 tissues of soybean. The
Reads/Kb/Million (RPKM) normalized values of expressed genes was log>-transformed and
visualized as heatmaps. Genes in the heatmap are ordered for consistency with the phylogeny
in Figure 1. The abbreviation “DAF” in the tissue label represents “Days after flowering.”
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Figure 7. Expression profiles of HD-Zip II genes in 14 tissues of soybean. The
Reads/Kb/Million (RPKM) normalized values of expressed genes was log>-transformed and
visualized as heatmaps. Genes in the heatmap are ordered for consistency with the phylogeny
in Figure 2. The abbreviation “DAF” in the tissue label represents “Days after flowering.”
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Figure 8. Expression profiles of HD-Zip III genes in 14 tissues of soybean. The
Reads/Kb/Million (RPKM) normalized values of expressed genes was logy-transformed and
visualized as heatmaps. Genes in the heatmap are ordered for consistency with the phylogeny
in Figure 3. The abbreviation “DAF” in the tissue label represents “Days after flowering.”



150

Color Key

2
Value

Glyma01g01850
Glyma09g34070
Glyma16g34350
Glyma09g29810
Glyma08g06190
Glyma09g02990
Glyma13g38430
Glyma12932050
Glyma068g46000
Glyma12g10710
Glyma11g00570
Glyma01g45070
Glyma20928010
Glyma10g39720
Glyma15901960
Glyma13g43350
Glyma07g02220
Glyma08g21890
Glyma03g01880
Glyma07g08340
Glyma18g45970
Glyma09g40130
Glyma09g26600
Glyma16932130
Glyma10g38280
Glyma20929580

nodule

S
IR I
2t

seed. 10DAF
seed.14DAF
seed.21DAF
seed.25DAF
seed.28DAF
seed.35DAF
seed. 42DAF

pod.shell.14DAF

pod.shell. 10DAF

Figure 9. Expression profiles of HD-Zip IV genes in 14 tissues of soybean. The
Reads/Kb/Million (RPKM) normalized values of expressed genes was log>-transformed and
visualized as heatmaps. Genes in the heatmap are ordered for consistency with the phylogeny
in Figure 4. The abbreviation “DAF” in the tissue label represents “Days after flowering.”
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Figure 10. RNA-Seq based expression profiles of HD-Zip genes that are differentially
expressed in at least one time point under dehydration stress. The HD-Zip genes responsive
to dehydration stress at the first trifoliolate stage in the roots of soybean cv. Williams 82 at
least at one time point (1, 6 or 12 hr) are shown. The criteria for differential expression
includes, (1) P-value corrected for multiple testing correction using Benjamini and Hochberg
[62] to be less than 0.05, (2) two folder or greater fold change, (3) residual variance quotients
of both control and treatment samples be less than 20. The criterion (3) filters genes that have
significant variation between replicates.
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Figure 11. RNA-Seq based expression profiles of HD-Zip genes that are differentially
expressed in at least one time point under salt stress. The HD-Zip genes responsive to salt
stress at the first trifoliolate stage in the roots of soybean cv. Williams 82 at least at one time
point (1, 6 or 12 hr) are shown. The criteria for differential expression includes, (1) P-value
corrected for multiple testing correction using Benjamini and Hochberg [62] to be less than
0.05, (2) two folder or greater fold change, (3) residual variance quotients of both control and
treatment samples be less than 20. The criterion (3) filters genes that have significant
variation between replicates.
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Figure 12. Gene ontology biological process (A) and molecular function (B) categories
significantly (corrected P <0.05) overrepresented among differentially expressed genes under
dehydration and salt stress. Differentially expressed genes under dehydration and salt stress
were annotated using the top Arabidopsis hit, and then screened for overrepresented GO
terms against all soybean genes using Fisher’s exact test [66] and Bonferroni [67] corrected
significance value of less than 0.05 (Additional file 31: Table S11). The overrepresented GO
terms were enriched at the second level using BLAST2GO v.2.7.1 [68] and are shown in the
figure.
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Table 1. Number of HD-Zip genes observed (O), expected (E) and retained (R) among five

angiosperm species

HD-Zip I (5)

HD-Zip II (4)*

HD-Zip III (4)*

HD-Zip IV (4)*

Total - Each species

Species O ER(%) O ER(%) O E R(%) O E R%) O E R(%)

Arabidopsis thaliana (12)° 17 60 283 9 48 188 5 48 104 16 48 333 47 204 23.0
Vitis vinifera (3)° 14 15 933 7 12 583 4 12 333 8 12 667 33 51 64.7
Glycine max (12)° 36 60 60.0 24 48 500 11 48 229 30 48 625 101 204 49.5
Medicago truncatula (6)° 15 30 500 7 24 292 6 24 250 13 24 542 41 102 40.2
Oryza sativa (4)° 14 20 700 12 16 750 4 16 250 11 16 688 41 68 60.3

Total - Among five species 96 185 51.9 59 148 399 30 148 203 78 148 527 263 629 418

“Number of ancient angiosperm clades observed in each HD-Zip subfamily.
"Number of genes expected in each ancient angiosperm clade based on the history of whole genome duplication events.

Table 2 Experimental set-up and summary of read-count data from RNA-Seq analysis

Treatment Time point Replicate Lane on Total reads Uniquely mapped  Uniquely mapped
(hr) (#) HiSeq 2000 reads reads (%)

Control 0 1 4 10,150,369 8,047,650 79.3%
Control 0 2 4 11,849,953 9,207,421 77.7%
Control 0 3 3 11,272,789 9,164,808 81.3%
Dehydration 1 1 3 6,875,669 5,571,406 81.0%
Dehydration 1 2 3 6,744,882 4,948,665 73.4%
Dehydration 1 3 3 8,650,675 6,612,402 76.4%
Dehydration 6 1 3 11,828,271 9,624,573 81.4%
Dehydration 6 2 3 11,355,361 8,599,941 75.7%
Dehydration 6 3 4 10,038,099 8,009,975 79.8%
Dehydration 12 1 4 9,270,260 7,194,931 77.6%
Dehydration 12 2 4 5,555,797 4,050,429 72.9%
Dehydration 12 3 4 5,105,827 4,087,108 80.0%
Salt 1 1 2 38,214,261 30,683,738 80.3%

Salt 1 2 2 9,046,880 7,428,387 82.1%

Salt 1 3 2 9,423,474 7,202,416 76.4%

Salt 6 1 2 7,445,356 5,580,211 74.9%

Salt 6 2 2 5,890,968 4,422,058 75.1%

Salt 6 3 2 25,296,306 14,687,424 58.1%

Salt 12 1 2 7,481,184 5,253,438 70.2%

Salt 12 2 3 14,201,579 11,170,436 78.7%

Salt 12 3 4 13,124,265 9,645,045 73.5%

Total 238,822,225 181,192,462 75.9%

Average 11,372,487 8,628,212 76.5%
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Table 3. Transcription factor class significantly (corrected P <0.05) overrepresented among

the differentially expressed genes under dehydration and salt stress

Transcription Genome Salt stress Corrected Dehydration Corrected Role in

factor class count expression  P-value stress expression P-value abiotic stress

count count response

WRKY 197 82 2.52E-21 34 3.45E-03 [90-92]

AP2-EREBP 381 111 1.67E-14 75 2.88E-10 [93-95]

ZIM 24 20 9.55E-13 16 1.28E-10 [96-98]

C2C2 (Zn) CO- 72 33 9.94E-10 26 3.77E-09 [99-101]
like

NAC 208 49 3.48E-03 NA NA [102-104]
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Table 4. Plant transcription factor binding sites significantly (P <0.05) overrepresented in the
promoters of HD-Zip genes belonging to each of the subfamilies
Motif# !'TFBS 2Count *Proportion ‘TFBS_Dehydration TFBS_Salt °TF_Class ’DE_Dehydration *DE_Salt

HD-ZipI MO00354 Dof3 33 91.7 - - Dof + +
M00700 ROM 31 86.1 + - bZIP + +
MO01136 Dof 29 80.6 - - Dof + +
MO00353 Dof2 27 75.0 - - Dof + +

°HD-Zip I M00479  Alfinl 21 91.3 - - PHD + +
MO01136 Dof 20 87.0 - - Dof + +
MO00354 Dof3 19 82.6 - - Dof + +
MO00440 CGl1 18 78.3 - - CAMTA + +
MO00506  LIMlI 18 78.3 - - LIM - +
M00502  TEIL 17 73.9 - + "AP2-EREBP + +
MO00653 OCSBF-1 17 73.9 + + bZIP + +
M00788 EmBP-1b 17 73.9 + + bZIP + +
MO01128 SED 17 73.9 - - DOF + +
MO00942 CPRF-1 16 69.6 + - bZIP + +
M00948  PCF2 16 69.6 + - TCP + +
MO00443 Opaque-2 14 60.9 + + bZIP + +
MO01133 AG 14 60.9 - - MADS + +
MO00660 RITA-1 13 56.5 + + bZIP + +
MO01130 PBF 13 56.5 - - Dof + +
MO01054 bHLH66 12 522 + + bHLH + +
MO00503 ATHB-5 11 47.8 + - HD-Zip 1 + +
MO00434 PIF3 10 43.5 + + bHLH + +

HD-Zip Il M00479  Alfinl 10 90.9 - - PHD + +
MO00438 ARF 9 81.8 - - ARF + +
MO01021 ID1 9 81.8 + - C2H2 - zinc + +
MO01126  BPCl1 8 72.7 - - BBR/BPC - -
M00948  PCF2 7 63.6 + - TCP + +

T™M00151  AG 7 63.6 - - MADS + +
M00820 HAHB-4 6 54.5 - - HD-Zip 1 + +
2M01061 AGL2 6 54.5 - - MADS + +
M00392  AGL3 5 45.5 - - MADS + +
M00949 AGLI15 5 45.5 - - MADS + +

HD-Zip IV ®M00355 PBF 29 96.7 + - Dof + +
MO00438 ARF 25 83.3 - - ARF + +
MO01126  BPCl1 25 83.3 - - BBR/BPC - -
MO01136 Dof 25 83.3 - - Dof + +
MO01128 SED 23 76.7 - - DOF + +
MO01021 ID1 22 733 + - C2H2 - zinc + +
M00702  SPF1 20 66.7 - + YWRKY + +
MO00654 OSBZ8 15 50.0 + + bZIP + +
MO00089  Athb-1 11 36.7 + - HD-Zip 1 + +

'TFBS: Transcription factor binding site (TFBS) significantly (P <0.05, motif score >5) overrepresented in the promoters of HD-Zip genes.

2Count: Number of HD-Zip genes within a subfamily that contain the TFBS significantly overrepresented in their promoters.

3Proportion: Percentage of HD-Zip genes within a subfamily that contain the TFBS overrepresented in their promoters.

“TFBS_Dehydration: " + " indicates that the respective TFBS is overrepresented in the promoters of genes that were differentially expressed under dehydration
stress, and "-" represents not overrepresented.

STFBS_Salt: " + " indicates that the respective TFBS is overrepresented in the promoters of genes that were differentially expressed under salt stress, and "-"
represents not overrepresented.

°TF_Class: The membership of TFBS to a particular transcription factor (TF) class based on TRANSFAC [72] and UniprotKB [134].
"DE_Dehydration: " + " indicates members of the respective TF class are differentially expressed (DE) under dehydration stress, and -
8DE_Salt: " + " indicates members of the respective TF class are DE under salt stress, and “-” indicates otherwise.

°Although the HD-Zip 11 subfamily has 24 genes, the proportion is calculated using 23 genes. HD-Zip II gene Glyma05g23150 was excluded from the promoter
analysis due to the selection criteria utilized (see methods for promoter selection criteria).

10 TF class significantly (corrected P <0.05) overrepresented in the DE genes under dehydration and salt stress.

"AG TFBS has multiple motif identifiers - M00151, M01063, M01133, and M00950. Counts of AG TFBS’s irrespective of the identifier# were summed to
estimate total count and proportion.

2AGL2 TFBS has two motif identifiers - M01061 and M01062. Counts of AGL2 TFBS’s irrespective of the identifier# were summed to estimate total count
and proportion.

BPBF TFBS has two motif identifiers - M00355 and M01130. Counts of PBF TFBS’s irrespective of the identifier# were summed to estimate total count and
proportion.

»

indicates otherwise.
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Additional Files

Additional file 1: Figure S1. Sequence logo of HD-Zip I displaying the conserved residues
in HMM alignment.

Additional file 2: Figure S2. Sequence logo of HD-Zip II displaying the conserved residues
in HMM alignment.

Additional file 3: Figure S3. Sequence logo of HD-Zip III displaying the conserved residues
in HMM alignment.

Additional file 4: Figure S4. Sequence logo of HD-Zip IV displaying the conserved residues
in HMM alignment.

Additional file 5: Figure SS. Phylogenetic relationships of HD-Zip I proteins from soybean,
Medicago, Arabidopsis, grape, poplar, cucumber, maize and rice. The phylogenetic tree was
built using the maximum likelihood method implemented in PhyML. The letters Al- A5
represent ancient angiosperm clades, based on whole genome duplication events, and the
copy number of genes from each of the species. The letters are ordered for consistency with
the phylogeny in Figure 1. The branch support values estimated using approximate likelihood
ratio test (aLRT) are displayed in percentages. Rooting of the tree was inferred from Ariel et
al. [1], angiosperm clade composition, and outgroup sequences from other subfamilies.

Additional file 6: Figure S6. Phylogenetic relationships of HD-Zip II proteins from
soybean, Medicago, Arabidopsis, grape, poplar, maize and rice. The phylogenetic tree was
built using the maximum likelihood method implemented in PhyML. The letters Al- A4
represent ancient angiosperm clades, based on whole genome duplication events, and the
copy number of genes from each of the species. The letters are ordered for consistency with
the phylogeny in Figure 2. The branch support values estimated using approximate likelihood
ratio test (aLRT) are displayed in percentages. Rooting of the tree was inferred from Ariel et
al. [1], angiosperm clade composition, and outgroup sequences from other subfamilies.

Additional file 7: Figure S7. Phylogenetic relationships of HD-Zip IIl proteins from
soybean, Medicago, Arabidopsis, grape, poplar, maize and rice. The phylogenetic tree was
built using the maximum likelihood method implemented in PhyML. The letters Al- A4
represent ancient angiosperm clades, based on whole genome duplication events, and the
copy number of genes from each of the species. The letters are ordered for consistency with
the phylogeny in Figure 3. The branch support values estimated using approximate likelihood
ratio test (aLRT) are displayed in percentages. Rooting of the tree was inferred from Ariel et
al. [1], angiosperm clade composition, and outgroup sequences from other subfamilies.

Additional file 8: Figure S8. Phylogenetic relationships of HD-Zip IV proteins from
soybean, Medicago, Arabidopsis, grape, poplar, cucumber, maize and rice. The phylogenetic
tree was built using the maximum likelihood method implemented in PhyML. The letters Al-
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A4 represent ancient angiosperm clades, based on whole genome duplication events, and the
copy number of genes from each of the species. The letters are ordered for consistency with
the phylogeny in Figure 4. The branch support values estimated using approximate likelihood
ratio test (aLRT) are displayed in percentages. Rooting of the tree was inferred from Ariel et
al. [1], angiosperm clade composition, and outgroup sequences from other subfamilies.
Genes Medtr5g005600.1 and Os01g57890 belong to the angiosperm clade “A2.” These two
genes are not shown in the phylogeny because adding them significantly affects the topology.

Additional file 9: Figure S9. Gene structure of HD-Zip I genes showing the exon-intron
structure.

Additional file 10: Figure S10. Gene structure of HD-Zip II genes showing the exon-intron
structure.

Additional file 11: Figure S11. Gene structure of HD-Zip III genes showing the exon-intron
structure.

Additional file 12: Figure S12. Gene structure of HD-Zip IV genes showing the exon-intron
structure.

Additional file 13: Table S1. List of homoeologous soybean HD-Zip genes.

Additional file 14: Figure S13. Expression profiles of HD-Zip I genes in seven tissues of
soybean. The Reads/Kb/Million (RPKM) normalized values of expressed genes was logr-
transformed and visualized as heatmaps. Genes in the heatmap are ordered for consistency
with the phylogeny in Figure 1. The abbreviation “SAM” in the tissue label represents “shoot
apical meristem.”

Additional file 15: Figure S14. Expression profiles of HD-Zip II genes in seven tissues of
soybean. The Reads/Kb/Million (RPKM) normalized values of expressed genes was log:-
transformed and visualized as heatmaps. Genes in the heatmap are ordered for consistency
with the phylogeny in Figure 2. The abbreviation “SAM” in the tissue label represents “shoot
apical meristem.”

Additional file 16: Figure S15. Expression profiles of HD-Zip III genes in seven tissues of
soybean. The Reads/Kb/Million (RPKM) normalized values of expressed genes was log:-
transformed and visualized as heatmaps. Genes in the heatmap are ordered for consistency
with the phylogeny in Figure 3. The abbreviation “SAM” in the tissue label represents “shoot
apical meristem.”

Additional file 17: Figure S16. Expression profiles of HD-Zip IV genes in seven tissues of
soybean. The Reads/Kb/Million (RPKM) normalized values of expressed genes was log:-
transformed and visualized as heatmaps. Genes in the heatmap are ordered for consistency
with the phylogeny in Figure 4. The abbreviation “SAM” in the tissue label represents “shoot
apical meristem.”
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Additional file 18: Figure S17. Expression profiles of HD-Zip I genes in mock-inoculated
and Bradyrhizobium japonicum-infected root hair cells harvested at 12, 24, and 48 hr after
inoculation (HAI), and stripped roots harvested at 48 HAI with B. japonicum. The
Reads/Kb/Million (RPKM) normalized values of expressed genes was logy-transformed and
visualized as heatmaps. Genes in the heatmap are ordered for consistency with the phylogeny
in Figure 1. The abbreviation RH UN and RH IN in the tissue label represent mock-
inoculated and B. japonicum infected root hair cells respectively. The sample RS 48HAI IN
represents stripped roots harvested at 48 HAI with B. japonicum.

Additional file 19: Figure S18. Expression profiles of HD-Zip II genes in mock-inoculated
and Bradyrhizobium japonicum-infected root hair cells harvested at 12, 24, and 48 hr after
inoculation (HAI), and stripped roots harvested at 48 HAI with B. japonicum. The
Reads/Kb/Million (RPKM) normalized values of expressed genes was log>-transformed and
visualized as heatmaps. Genes in the heatmap are ordered for consistency with the phylogeny
in Figure 2. The abbreviation RH UN and RH IN in the tissue label represent mock-
inoculated and B. japonicum infected root hair cells respectively. The sample RS 48HAI IN
represents stripped roots harvested at 48 HAI with B. japonicum.

Additional file 20: Figure S19. Expression profiles of HD-Zip III genes in mock-inoculated
and Bradyrhizobium japonicum-infected root hair cells harvested at 12, 24, and 48 hr after
inoculation (HAI), and stripped roots harvested at 48 HAI with B. japonicum. The
Reads/Kb/Million (RPKM) normalized values of expressed genes was log>-transformed and
visualized as heatmaps. Genes in the heatmap are ordered for consistency with the phylogeny
in Figure 3. The abbreviation RH UN and RH IN in the tissue label represent mock-
inoculated and B. japonicum infected root hair cells respectively. The sample RS 48HAI IN
represents stripped roots harvested at 48 HAI with B. japonicum.

Additional file 21: Figure S20. Expression profiles of HD-Zip IV genes in mock-inoculated
and Bradyrhizobium japonicum-infected root hair cells harvested at 12, 24, and 48 hr after
inoculation (HAI), and stripped roots harvested at 48 HAI with B. japonicum. The
Reads/Kb/Million (RPKM) normalized values of expressed genes was logy-transformed and
visualized as heatmaps. Genes in the heatmap are ordered for consistency with the phylogeny
in Figure 4. The abbreviation RH UN and RH IN in the tissue label represent mock-
inoculated and B. japonicum infected root hair cells respectively. The sample RS 48HAI IN
represents stripped roots harvested at 48 HAI with B. japonicum.

Additional file 22: Table S2. Soybean genes differentially expressed under dehydration
stress at 1 hr. The table includes mean expression values under control and stress conditions;
fold change and log> fold change values, P-values and adjusted P-values, and residual
variance quotients of control and treatment samples. See Material and Methods for the
criteria of differential expression.

Additional file 23: Table S3. Soybean genes differentially expressed under dehydration
stress at 6 hr. The table includes mean expression values under control and stress conditions;
fold change and log> fold change values, P-values and adjusted P-values, and residual
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variance quotients of control and treatment samples. See Material and Methods for the
criteria of differential expression.

Additional file 24: Table S4. Soybean genes differentially expressed under dehydration
stress at 12 hr. The table includes mean expression values under control and stress
conditions; fold change and log> fold change values, P-values and adjusted P-values, and
residual variance quotients of control and treatment samples. See Material and Methods for
the criteria of differential expression.

Additional file 25: Table SS. Soybean genes differentially expressed under salt stress at 1
hr. The table includes mean expression values under control and stress conditions; fold
change and log; fold change values, P-values and adjusted P-values, and residual variance
quotients of control and treatment samples. See Material and Methods for the criteria of
differential expression.

Additional file 26: Table S6. Soybean genes differentially expressed under salt stress at 6
hr. The table includes mean expression values under control and stress conditions; fold
change and log; fold change values, P-values and adjusted P-values, and residual variance
quotients of control and treatment samples. See Material and Methods for the criteria of
differential expression.

Additional file 27: Table S7. Soybean genes differentially expressed under salt stress at 12
hr. The table includes mean expression values under control and stress conditions; fold
change and log> fold change values, P-values and adjusted P-values, and residual variance
quotients of control and treatment samples. See Material and Methods for the criteria of
differential expression.

Additional file 28: Table S8. Summary statistics of RNA-Seq analysis under dehydration
and salt stress.

Additional file 29: Table S9. Raw read counts for each of the soybean gene under
dehydration and salt stress at 0, 1, 6 and 12 hr generated in the RNA-Seq experiment.

Additional file 30: Table S10. DESeq normalized read counts for each of the soybean gene
under dehydration and salt stress at 0, 1, 6 and 12 hr generated in the RNA-Seq experiment.

Additional file 31: Table S11. List of GO biological process and molecular function terms
significantly (corrected P <0.05) overrepresented in differentially expressed genes under
dehydration and salt stress.

Additional file 32: Table S12. List of transcription factor classes significantly (corrected P
<0.05) overrepresented in differentially expressed genes under dehydration and salt stress.

Additional file 33: Table S13. List of plant transcription factor binding sites (TFBSs)
significantly (P <0.05, motif score >5) overrepresented in the promoters of HD-Zip genes,
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differentially expressed (DE) genes under dehydration and salt stress, and their respective
counts. The TFBSs are provided separately for each of the HD-Zip gene and DE genes.

Additional file 34: Table S14. List of plant transcription factor binding sites (TFBSs)
significantly (P <0.05, motif score >5) overrepresented in the promoters of differentially
expressed genes under dehydration and salt stress, with relative proportion of each TFBS
under each of the stress treatment. The list of promoters that were excluded from the analysis
because they did not meet the selection criteria (see material and methods for selection
criteria) is included.
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CHAPTER 5. CONCLUSIONS

Improvements in sequencing technologies have dramatically reduced sequencing
costs. For example, the cost of sequencing a human-sized genome dropped from ~$95 M in
September 2001 to ~$5 K in July 2014 (National Human Genome Research Institute). A
major shift occurred in 2008 with the advent of second generation sequencing technologies —
often referred to as next generation sequencing (NGS). NGS became a boon for both crops
with and without any molecular resources (e.g. DNA or RNA sequences, expression datasets,
or molecular markers such as “simple sequence repeats” (SSRs) and “single nucleotide
polymorphisms” (SNPs), etc.). Before the advent of NGS, exploring the genetics of
underutilized crops was challenging. Genetic characterization of a germplasm collection was
performed with a few molecular markers. Some of the preferred marker technologies were
“Randomly Amplified Polymorphic DNA” (RAPD) or “Amplified fragment length
polymorphisms” (AFLPs), which did not require knowledge of sequence information.
Additionally, performing genome-wide expression analysis was nearly impossible for
underutilized crops. On the contrary, for crops with genome sequences, genome-wide
expression analysis was possible using microarrays — but this was restricted to previously
sequenced genes. NGS technologies, and specifically RNA-Seq, overcame most of these
barriers. For example, in this dissertation, RNA-Seq assisted in the genomic resource
development and genetic characterization of a collection of Apios americana, an
underutilized crop with no prior molecular resources (Chapter 3), and also facilitated
characterization of the soybean HD-Zip transcription factor family and identification of

candidate genes involved in responses to dehydration and salt stresses (Chapter 4).
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Mining the information in plant collections is the first step in cultivar development.
This dissertation research has provided a first insight into morphology and genetics of the 53
remaining genotypes from Blackmon and Reynolds’s Apios collection. Phenotypic
characterization of the collection across multiple years, in multiple environments, and in
different growing conditions has resulted in robust morphological descriptors for each of the
genotypes (Chapter 2). Genetic characterization of the collection has provided a genetic
fingerprint for each of the genotypes (Chapter 3). The phenotype data combined with the
genetic information is now facilitating precise selection of parents in order to make crosses
with the goal of developing high-yielding and “ideotype” cultivars.

Key steps in further improving Apios include: (1) increased public awareness; (2)

creating markets - Apios may have a niche in flood-prone regions, and areas where protein

malnutrition is widespread. It can sustain flooding, and yet produce protein rich tubers.
Providing high yielding genotypes to smallholder farmers in different countries, where
flooding and/or protein malnourishment exists, may help in creating markets; (3)

supplementing Apios tubers to existing tuber and root crops - people are increasingly

conscious about a healthy and nutritious diet. Apios tubers — with high protein content,
isoflavones, and other likely-beneficial compounds — is an attractive supplement to existing
tuber and root crops. Apios is cultivated in Japan and South Korea, because of its nutritional

value relative to e.g. lower-protein potatoes and sweet potatoes. Healthy protein rich “French

fries” and “fried chips” from Apios tubers make exciting delicacies; (4) developing ideotype
cultivars - harvesting tubers requires considerable digging of the ground. Cultivars with
shorter stolons, tubers spaced closely on the stolons, and are also high yielding will promote

large-scale cultivation, and will make harvesting easier using the more efficient farm
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machinery. The phenotype data combined with the genetic data has provided clues to select

parents that may be crossed to get such desired cultivars (Chapter 3); (5) developing cultivars

with determinate growth habit and high yield - Apios plants require trellising, and produce

tubers that are often small. A cultivar development program is required to develop cultivars
with increased yield and child-tuber size, decreased stolon length, and decreased vining
tendency aboveground.

In conclusion, NGS — and specifically RNA-Seq — has facilitated rapid exploration of
the underutilized crop Apios americana; and has allowed for comprehensive characterization
of the soybean HD-Zip transcription factor family involved in abiotic stress responses, and

identification of candidate genes for dehydration and salt stresses.
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