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ABSTRACT
Gene duplication provides raw material for evolution in the genomesigifer
eukaryotes. The propensity for genes to return to single copy daagduplication varies, and
is partly reflected by their copy numbers in other speciesdidoasis single copy genes can be
divided into subsets with different characteristics, including wffe likelihoods of showing
knockout (KO) phenotypes. We are particularly interested in the tsthetewas consistently
restored to single copy dosage after independent whole-genome dopdicat multiple
lineages, known as duplication-resistant (DR) genes. The recurrmayaé of duplicated gene
copies is associated with gene function, as implied by GO tenmshed in DR genes, making
functional study of DR genes an approach to decipher the basis ofadioplicesistance. In this
study, we assessed Arabidopsis DR gene functions via their KO ppesoCompared to non-
DR singletons, T-DNA insertion mutants of DR genes were not prorexhibit phenotypes
under stress conditions, showing a low occurrence of ABA and coldigermqienotypes and an
overrepresentation of salt-related phenotypes. On the other hand, geesotypes, including

visible seedling alternations and phenotypes indicative of homozygoustyetbeturred more



frequently in DR genes than other singletons. In addition, Arabidopsisygesouwith artificial
duplication (Addition, AD) (OE, by coupling to 35S promoters) of DR gemesee made, to
examine the consequences of having multiple copies of these gesibte Huplication effects,
as reflected by AD phenotypes, were more likely to occur ingpRes than in other singletons.
Seedling phenotypes, absent in AD lines, were found in OE linekigher percentage than KO
mutants. As for other genes, duplication and overexpression of DR ganalsa result in stress
tolerance. Genes with both OE and KO phenotypes constitute approyimagkhird of DR
genes with OE lines, indicating that dosage sensitivity mayebponsible for duplication

resistance of some DR genes.
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CHAPTER 1
INTRODUCTION

Gene duplication at various scales is an inevitable part of geewoohdion [1].
Duplications of individual genes and small genomic segmentsdsas/@ continuous source of
duplicated genes [2, 3] and were responsible for the expansion offgjailies involved in
response to environmental stimuli [4, 5]. Whole genome duplications, followetassive gene
loss [6], restructured the genome, brought dramatic changes to mneetabolorks, and
sometimes led to the born of new species [7]. Many higher eukarialve experienced whole
genome duplication or triplication [8, 9], which occurred most frequentiffowering plants
[10-16]. The abundance of genome duplication events makes angiosperms anuiogtstendel
to study fate after gene duplication [17], a part as imporsiuglication itself during genome
evolution.

The various evolutionary fates after gene duplication [1] can beairadinto two,
retention and loss, according to the current snapshot of genomes: sone®e ljave multiple
copies and others do not. Duplicates retention, accompanied usuallguanse and functional
divergence, occurred to a small number of genes, thus was consideraddaron-random [6].
Consequently, factors contributing to duplication retention have beensasdly studied and
became relatively well-understood [18-20]. In contrast, duplicates rémwaza ‘non-
functionalization’ [21], as a fate awaiting most genes [6], sé¢erbe random and received less

attention.



While many singletons may randomly revert back to single stapys after duplication,
evidence supporting non-random loss of duplicates abound. In Arabidopsis, soesewgze
repeatedly restored to ‘singleton’ after subsequent whole genomeatiaplec[22]. Moreover,
the number of single copy genes conserved among multiple species is muchhaglrepected
assuming random gene loss [23, 24], and only decreases slightly agenomes are sampled
[25]. In addition, the chance of staying single copy seems tsbeciated with gene function.
Genes in specific functional categories show more gene losgdmome average [26, 27], and
certain protein domains are enriched in singletons of Arabidopsis and Oryza [28].

The preference for single copy is most evident in duplicatietaigs(DR) genes, which
tend to be singletons or have low copy number in multiple plant spéhag were conserved in.
Given that all angiosperms are paleo-polyploids [17], DR genes weagpable of surviving
multiple and independent genome duplications as single copy, thusekgtang resistance to
duplication. As a result, DR genes became a favorite reseaggt to study non-random gene
loss.

Several groups of DR genes fitting the above definition have beeifiedeaind their
characteristics described. Single copy genes shared betweeaidopsis and rice have shorter
proteins and more introns than the genome averages, along with mistpramoter sequence
features indicative of housekeeping function [23]. A subset of thess gemserved as single
copy in moss and alga has low dN/dS value, indicating that thesy umeter purifying selection
thus not a group of random genes [23]. The shared single copy geoag #rabidopsis,
Populus, Vitis and Oryza have more exons, fewer known domains, and arepmsznted in
specific functional categories such as chloroplast, plastid and DNARNA metabolism,

compared to the rest of the genome [25]. The functional bias remamia svhen the number



of species increased to twenty [29]. Genes conserved as singlammng all or most of 20
flowering plants are well conserved in non-plant species as sugjgesting that they tend to
function in basic processes important to probably all living creaf@®s Their presumable
involvement in housekeeping functions is further supported by their highssigebreadth
[29]. Additional characteristics of these DR genes include higiresgion level and biased
codon use [29].

While the distinctive features of DR genes offered no cleaaretpmn for duplication
resistance, some inspired hypothesis about possible contributors tordgtstepe single copy
status. The enrichment of chloroplast-targeting genes, for egamepl to ‘Select single copy
gene hypothesis’, stating that the duplication of chloroplastitaggPR genes might disturb the
dosage balance with their chloroplast genome encoded partners [30]. dinenddt-negative
mutation hypothesis’, on the other hand, springs from the observatiomangt DR genes are
components of protein complexes [29]. According to this hypothesis, aethwaplicate copy
may encode proteins that are capable of binding other components raunémtive complex
instead. Experimental confirmation of these hypotheses would be vafaabléure research on
duplication resistance, thus motivates further exploration of DR genes’ whestics.

The overrepresented GO terms in DR genes associated dupliesistamnce with gene
function. Being perhaps an indispensable piece to solve the duplicasistance puzzle, the
function of DR genes is far from being fully explored. More definitive thadipted functions is
empirical observation of phenotypic changes resulting from silerrcogne. For example, gene
importance is more directly reflected on the severity ofogs-of-function phenotypes than the
annotated function. Meanwhile, the presence of knockout (KO) phenotypsemayas a strong

proof and present a visual outcome of predicted dosage balance perturbation.



Thanks to the abundance of mutant resources in Arabidopsis [31-35], KOypégnot
were available for many genes. Using the published phenotype tdaf86e38], features
regarding to KO phenotypes of DR genes and other subsets of ArsiBidomgle copy genes
grouped by their copy numbers in four other plant species, wereilsgsin Chapter 1. A
majority of DR genes were in lack of any reported KO phetyand mutants for some may
have never been studied. Therefore, to complete DR genes’ KO phenoget,daplatform for
in-depth functional study, their T-DNA insertional mutants werdemd and phenotyped.
Several stress conditions were applied for phenotyping, as contijbm@motypes were
extremely diverse and normally invisible thus remain largelpuestigated. Due to the similar
reason, root phenotypes were searched for as well. The stresscarnghenotypes from DR
genes, along with striking seedling phenotypes shown under normaticondiere described
and compared to other single copy genes in Chapter 2.

The single copy status of DR genes among plant species witigvarolutionary speed
suggests a relatively fast removal of their duplicated copiesprésence of which may exert
negative effect thus was selected against. To assess the alitecime of gene duplication,
addition (AD) lines were made, each containing a transgenic doaytarget gene. As dosage
increase is usually the cause of duplication effect [39-41], overssipre (OE) lines, where
target genes were overexpressed by the CaMV 35S promoter, alsr used to visualize
intensified versions of duplication effect, which may be too mildetect sometimes. The two
kinds of mutants were phenotyped similarly as the KO mutants. Pipesofyom AD and OE

lines were presented and discussed in Chapter 3.
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CHAPTER 2
LITERATURE REVIEW
BACKGROUND

Gene duplications in the genomes of higher eukaryotes

Duplication of DNA happens on various scales. Whole genome duplication YWGD

followed by gene loss and genome rearrangement, restructges®mane, provides raw material
for evolution, and often precedes the emergence of new species. Nyhey bukaryotes have
experienced whole genome duplication or triplication. There was ® \MG&G yeast ancestor
before the divergence of S. cerevisiae and K. waltii [1]. Two whelsome duplications are
thought to have happened in early vertebrate evolution [2], followed bydapendent WGD in
the fish lineage [1].

Genome duplications have been remarkably abundant in flowering platit3\WsiDs in
a seed plant common ancestor [3], an angiosperm common ancesbath3yonocot and dicot
lineages [4-6], and numerous lineage specific events [7-10]. Even ‘nmdets with small
genomes, such as Arabidopsis and Oryza, are paleo-polyploids, witlotpents of past WGD
events evident in their genomes [11, 12]. The prevalence of polyploidytseire plants is
thought to contribute to their evolutionary success [13, 14] and to th@nutds as crops [15-
21], making them suitable, if not the best, models for study of gene fates afieatiomnl

‘Small scale duplications’ (SSDs), i.e., of individual genes orlisgegomic segments,
may collectively contribute to the expansion of duplicated genes,tthtl®e restructuring of

metabolic networks. In human, 30%-52% of gene duplication events arise B@n 22],

10



comprising 48% of all human protein coding genes [23]. Tandem duplicatesype of SSDs,
account for 16% and 14% of Arabidopsis and rice genes, respectively §34s were
considered responsible for the expansion of gene families involvedpanse to environmental
stimuli, such as immune-related families (human), diseasgtarse genes (NBS-LRR) [25],
and receptor-like kinases [26]. Indeed, their more or less continuousesam®@imay make SSDs
better suited than (infrequent and episodic) WGDs to provide raw ialdi@mr a genome to
evolve environmental adaptations. For example, the evolution of C4 photosynthesreals
largely involved SSDs, although the entire required gene set hadlbpkcated previously in a
WGD with most of the genes subsequently lost.
Following duplication, gene pairs experience one of three general fates

Most gene functional groups show post-duplication gene preservatiordtessthiat are
indistinguishable from the genome-wide average. Such ‘neutral’ dbsduplicated genes
presumably involves mutations that were not strongly selected aghuns were able to
accumulate and eventually inactivate the genes [27], closedgembling the
‘nonfunctionalization’ described [e.g. [28]] as the fate of the waegprity of duplicated genes.
Population genetic models suggest that loss of most duplicated genes may happehaelfirsig t
few million years following duplication [29]. Intrinsic or extrinsiactors may influence gene
retention rates. Duplicated genes are presumably identical tt ‘@auplication), however in a
newly polyploid nucleus they may have as much as several myiams of independent
evolution (allopolyploidy), and one copy usually has a higher probabilityss than the other.
For example, different yeast species lose the correspondingotapeir shared single copy

genes in most cases [30]. Homeologous chromosomes may be @paignenarked’, and lose

11



genes (or mutate) at different rates [31]. Losses of chromosomagge segments could result
in gene loss that is largely if not wholly independent of gene function.

Genes in some specific functional categories duplicate and reatepliSeveral gene
functional groups are preferentially preserved in duplicate [32-37]inGaggions of genes
preserved in duplicate tend to be functionally complex [32], under mgielection [28, 32],
and evolve in concert [38, 39], with tendencies to retain duplicate gewased in signal
transduction and transcription, and lose DNA repair genes [34, 35]. Béanain-based
groupings reveal heterogeneity in the broad GO categories msedny studies for analysis of
gene retention/loss patterns, for example showing one abundanin{maiiein interaction
domain (LRR) to be usually preserved in duplicate while two less-abundantrdof8&T, TPR)
are usually restored to singleton state [40]. Regulatory dimeegédetween members of
preserved gene pairs may contribute much to morphological complégitygerhaps offering
important benefits to polyploidized lineages [42]. Classical iddasit one gene copy diverging
to new function [neofunctionalization [43, 44]] have more recently beapdred by findings
that many duplicated genes may subdivide ancestral functions [subhatization [45]].
Subfunctionalization may be a stepping-stone to neofunctionalization Ré&ééntion of some
duplicated genes may be an indirect consequence of the fate(rby menes. In human, for
example, pre-existing fixed duplicates may facilitate thation of neighboring duplicates [47],
resulting in less than average copy number variation for genes adjacent tal\ypdtes [48].

Other specific genes and gene functional groups show more extensiva khgplicate
copies than the genome-wide average. Duplicated gene loss may nattb&’‘mdnen increased
dosage of gene products reduces fitness, such as in defense rept9ioB9] and stress

responses [51, 52], or when genes in dosage balance with each othet duplicated at the

12



same time (in the case of SSDs) [53]. Accordingly, some geratidnal groups are preserved in
duplicate significantly less frequently than the genome-wideageerThis observation alone
might be viewed as noise — among thousands of functional groups, somecaushore gene
loss than others due to random factors. However, the gene functional gratipave incurred
greatest loss of duplicated copies are closely correlatenivall independent duplications in
Arabidopsis and rice that are separated by more than 100 midlans gf evolution, at statistical
probabilities that essentially rule out false positives [37]. Midtgenome alignments likewise
show some individual genes to have been repeatedly restored to sipglstatus following
many different genome duplications in independent angiosperm lined§e$4]. Repeated
restoration of certain genes to singleton status at a gteaterandom frequency suggests that
an underlying set of principles of molecular evolution may contributihe fates of gene and
genome duplications [37].
Functional importance of single copy vs. duplicated genes

The functional importance of genes can be measured through diffgspraches,
perhaps the most direct one being to evaluate the phenotypic eftesstd by rendering a gene
nonfunctional. Traditionally, one would think that single copy genes ame mrone than
duplicated genes to revealing ‘knockout’ (KO) phenotypes because of aolagkenetic
redundancy. KOs of duplicated genes may be masked at least sorbgwanat another and less
likely to reveal a phenotype, reasoning that is generally suppoytéardre-scale KO mutant
screens in yeast [55] and nematode [56]. However, most, if not allcalaol genes experience
DNA sequence divergence over time [57], presumably eroding thikty @0 provide functional

compensation for one another.
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Indeed, the ability of duplicate genes to functionally compensateafdr other is highly
variable among different species [58]. In mouse, ‘essentiakgetefined as those for which
deletion causes lethality or sterility, occur in proportions thatnet significantly different in
duplicates versus singletons, based on a sample of genes with phedatgp[69, 60]. With
more data collected from individual experiments, mouse KO mutantiuplicated genes may
prove more likely to be lethal than those for single copy genes [58].

Though a number of large-scale mutant screens have been done in Arabidophiave
addressed the relationship between phenotypes and gene duplication leabisisA of
phenotypic data from 3871 Arabidopsis KO mutants with transposon or TiDd&&ktions plus
1489 published KO phenotypes, found KOs to cause a significantly lower poopof
phenotypic changes in duplicated genes than single copy genes [6hftherastudy of 2400
published KO phenotypes, no significant difference was found in the pmodf phenotypes
among unique genes, somewhat redundant genes, and highly redundant genes, grouped
according to Blastp results [4].

While literature surveys may be inherently biased (with gahewing no KO phenotype
perhaps reported less frequently), Hanada et al. [61] found no sagmitidference between de
novo and published evidence. Further, as discussed by Hanada et dhdgigrdentage and
severity of gene KO phenotypes are related to the sequencegettiverof duplicated genes,
indicating that duplicated genes could be divided into subgroups with diBkekhoods of
finding phenotypes.

Single copy genes are not a homogenous population
While a broad generalization seems intuitive that single copgsgare more prone to

show KO phenotypes than duplicated genes, a variety of subgroupglef@py genes can be
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distinguished, for example, lineage-specific singletons (LS84d)duplication-resistant (DR)
genes.

LSSs are defined as genes that have no homolog identified in otherssféough LSSs
receive little attention in the literature, they constitutenajority of lineage-specific genes
(LSGs) [62]. LSGs have received more attention, and for exampldeim/ed to be fast-
evolving as indicated by significantly more SNP alleles and higlen-synonymous to
synonymous mutation ratios in Arabidopsis [62]. Other charact=risfi LSGs include short
protein length [63-65], fewer than average exons [62, 63], lack of funchonakation [62, 63],
low expression level, limited expression breadth, and stresseretagession patterns [66].
Arabidopsis LSGs with annotation are enriched in secretory protf@s 63] and
mitochondrion-targeting proteins [62], and are underrepresented in chlstrtgnigeting genes.
Their expression patterns [64] along with the GO terms of tbeiexpressed genes [62]
associate LSGs with reproduction-related functions and stress-response.

Species specific WGDs, different evolutionary rates and functidivalrgence might
reasonably be expected to impart variation among different glantes in the copy numbers of
conserved genes [67]. The distinguishing characteristic of DR gentmt they have little
variation in copy number across taxa, being single copy in mast gpecies [67]. While
different DR lists have been published by different research groagsd on various criteria,
some of their characteristics are remarkably consistentdimg more exons/introns than
average genes [63, 68], conservation in metazoans [63, 69], a higher tregegweportion of
plastid-targeting genes and genes functioning in DNA/RNA metab$d8m69], and increased

purifying selection [63, 69].
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RESULTS
Classification of Arabidopsis single copy genes

The number of Arabidopsis single copy genes, as determined byediff@pproaches,
varies from 2570 [63] to over 14993 [69] including estimates of 4863 [70], 5460588) [71]
and 8499 [4] , each with its own advantage for a particular study.cgetmon features were
observed for LSGs (most being LSSs) and DR genes among independierd §62-65] [68,
69], despite the difference in gene lists. Both being single co@yrabidopsis, LSSs and DR
genes were distinguished by their copy numbers in other placiesp&hich could serve as a
parameter to divide Arabidopsis single copy genes into different groups.

Here we define as single copy those genes that have no nonastff bit in the same
genome with e-value less than or equal to 1e-10. By this ontetliere are 4136 single copy
genes in Arabidopsis, near the low end of the range of otheragssif®8, 70, 71]. To determine
the copy number of homologs in other species, we considered adlglatiowly evolving
monocot genome (Oryza) [72], a eurosid outgroup thought to resemble tlstraneadicot
genome (Vitis)[6, 67], and eudicot genomes with and without recent WE&iDogid | and
Eurosidl)(Populus [7] and Carica [73], respectively) [74].

Based on the copy number of their homologs in other species, Araisicipgie copy
genes can be divided into LSSs, with no homologs in all four specids;onserved singletons,
with one or more homolog(s) in at least one species. Further, consangetons can be
divided into DR genes, with only single copy homologs in all foucigge singletons with their
homologs duplicated in all four species (SD); and others (OT), imgusingletons remaining
fully conserved (OT-F, with homolog(s) in every species) and peathgerved (OT-P, having

homolog(s) in at least one other but not all four species) (Table 2.1).
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To compare the general features of our singletons to others pbeGO percentage
(=the number of genes with certain GO term/total number okegewas calculated and
compared between each subset and the whole genome (Table S2.1, S2 @jicliheert of DR
genes in DNA or RNA metabolism, plastid and chloroplast as agethe overrepresentation of
LSS genes in mitochondrion and unknown proteins (unknown biological processeslanolec
functions/cellular components; Table S2.2), were generally consistentnatireports [68, 69].
The likelihood of showing knockout phenotypes is different among subts of singletons

To investigate levels and patterns of functional importance amdfegetit subsets of
single copy genes, we assessed the percentage of KO mutanisigs a phenotype in each
subset, using three datasets that included a wide range of phenofype datasets [4, 61]
introduced under the section “Functional importance of Single copy vsicBigal genes” were
utilized. For Hanada et al.’s dataset [61], only the 3871 genes Witmltants were used in the
following analysis, because the 1489 genes with published phenotypesedanslant with
Lloyd and Meinke’s dataset [4]. In addition, we included Kuromoril'ststreen of 4000 DS-
insertional mutants [75], containing 3800 genes.

The statistic that we adopted for comparing the likelihood of knockoutopyyes in
different gene subsets is ‘phenotype percentage’ (PP), cattwdatéhe number of genes in a
group for which knockout mutants show discernible phenotypes, divided by ahadatber of
sampled genes in the group. For example, in the 4000DS dataseh§rélare 46 DR genes, of
which 2 showed mutant phenotypes, thus the phenotype percentage is 4.35% §b6$2.3).
In the Lloyd and Meinke dataset [4], containing only 2400 phenotypes/geiteout any
background mutant population, all the genes in each subset are cah&derpled genes’, as it

is a genome-wide collection of phenotype data. For example, the phempEigentage for the
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DR subset in Lloyd and Meinke’s dataset is 12%, with 49 DR knoclsthwtwing phenotypes
among 409 sampled (Table S2.3).

Datasets composed of previously published phenotypes, such as Lloyd iauké, Nend
to have a higher PP, because they incorporate efforts from rawdtiperiments by a number of
research groups, increasing the chance of phenotype discovery.afgplexthe PP of 4000DS
(3%) is lower than those of the other two data sets (6.5% for Hanaday 9%yd and Meinke),
though within the range of results for other Arabidopsis studies [7@jed¥er, there may be a
bias in favor of mutants showing phenotypes being published more frgqtleantl those that
lack phenotypes.

The overall pattern of PPs among the four subsets of Arabidopsie-soly genes is
similar in the three datasets (Figure 2.1), except for SD in 48006D average (Table S2.3), SD
[singletons with their homologs duplicated in four other speciesjnealsighest PP (16.1%), DR
shows slightly lower (8.6%) but similar PP to OT (10.6%), and LSS has the lowextiP§). (

SD stands out with the highest average PP, having the highast anada and Lloyd
and Meinke datasets but not in 4000DS. Only 7 SDs are in the 4000DS popw@atiompne
showed a phenotype. However, three have phenotypes in the other twesdatdgmting that
the low PP for SD in 4000DS may be partly due to the qualitigeofrtutants (e.g., genes are not
entirely knocked out) rather than the small sample size.

LSS also stands out, having the lowest PP across all datasBssateSsuspected to have
lineage specific functions that are not identified yet, or involvegdtiess responses (above).
Therefore, their low PP could reflect phenotypes that are ubtlesto be easily detected, or
failure to assess the conditions under which their phenotypes are expr&Sedhow a striking

deficiency of KO mutants, with less than 50% having available hgpgoos mutants in the
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SALK collection of homozygous KO lines (http://signal.salk.edu/cgifimmozygotes.cqi),
versus more than 80% for the other three subsets (Figure S2.1).ald@s the tantalizing
hypothesis that some LSS genes are ‘essential’, rendering homozygouarkimpliable.

It was somewhat unexpected that DR genes had phenotype percentfgbslsiver
than the overall averages for OT and much lower than that of Q&i#tg S2.3). This seems to
suggest that copy number regulation (or lack thereof) in othesiespeoes not predict the
likelihood of finding a KO phenotype in Arabidopsis.

The proportions of essential genes differ among subsets of singletons

In addition to presence/absence, severity of a phenotype is anotbeomrih evaluating
gene importance. Most studies in other organisms (bacteria, fredtstly, mouse and others)
use the proportion of essential genes, i.e. for which KO is lethateoite, as a measure of
importance for a group of genes [58]. However, in Arabidopsis, m@# frale mutant screens
have not looked for lethality, as it is not obvious (e.g., requsiiigue or seed check through
microscopes [77, 78]; or segregation ratio analysis [79]). The abséimmomozygous knockout
mutants is an indicator of essentiality of genes, but furtheiromatfon is required to rule out
alternative reasons.

No lethal phenotype was reported in the 4000DS dataset. Th¥ ‘Gategory of Hanada
et al [61] includes embryo-defective mutants, one major subgroup of hetit@nts, yet these are
not separated from other seed phenotypes in this dataset. The Llojtkerk@ dataset makes
lethal phenotypes a discrete category, showing the proportion ofiakgenes to be distributed

similarly to the overall phenotype percentage among the four subsets (FRjure 2
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Vegetative, reproductive and seed phenotype percentages variathong datasets but were
similar to overall phenotype percentages among the four subsets of singlgpy genes

Phenotypes can be grouped in different ways. For example, thereighte major
phenotype groups (seedling, leaves, flowering and growth, stems, brandlongrs
(morphology) siliques, seed yield) in the 4000DS dataset, three @fiwgetreproductive, seed)
in Hanada’'s dataset, and four (essential, morphological, cediathbiochemical, conditional) in
Lloyd and Meinke’s dataset.

The PPs of particular gene groups may shed light on function asasvélinctional
importance of the underlying genes. For example, a group of getemast KO phenotypes
being seed defective might tend to function in seed development, gndemaewed as more
important than a group consisting mainly of leaf phenotypes [61].

For comparison among the three datasets, phenotypes were regrouapstingcto
Hanada et al. [61], the one with the fewest groups (Table 2.2). Dregrguping, the main
groups of phenotypes in each dataset were not broken into moredistalisets. While some
discrepancies remain in the contents of phenotype groups, several common featless .ar
DRs and OTs have similar PPs in most cases. The exceptigairs the 4000DS dataset, in
which most DR phenotypes are contributed by “seed”, while a highopaoti OT phenotypes
belong to “vegetative” (Figure 2.3). This might imply that DR KQtamt phenotypes are
somehow more serious than OT mutants. However, such a conclusiontraioedsby limited
phenotypic data.

The variation of SD PP among different datasets is the largesaich phenotypic
category (Figure 2.3, Figure S2.2). Two SD mutants with vegetaligaotypes in the Hanada

dataset also have phenotypes in the Lloyd and Meinke dataset, buttbeendfecame “seed”.
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Though one gene having multiple phenotype categories is not rare [4sé&q]; in Lloyd and
Meinke’s dataset corresponds to lethal phenotypes caused by deéssbwo/seed, leaving no
viable seedling to show any vegetative phenotype. Such conflictingpype data might be
caused by the lack of confirmation, for example, via complementatstn different mutant
allele(s), and gene product measurement. Despite the variatlenSDx group still holds the
highest PP in at least one dataset in “Seed” and “Vegetatimetontrast, no reproductive
phenotype is found in SD.

Low reproductive PP is a common phenomenon for other subsets and am@agsdata
(Figure 2.3), and even for a much earlier summary of Arabidopsis pipesdi80]. A possible
cause is that most gametophytic defects are lethal and thuokaasified as “essential” instead of
“reproductive” [4]. Compared to vegetative phenotypes, reproductive pipesoare considered
more severe because of their direct effect on the next giemej@l]. The survival of a lineage
may depend in part on having only some minimal number of genes fan délietion confers a
severe defect. The abundance of “seed” phenotypes, arguably theawee among the three
categories, could possibly be explained by multiple screens taydhém as part of a long-term
endeavor to identify all essential genes [78, 81].

As noted above, the PPs of LSSs were still the lowest in catiparisons. LSS
phenotypes are only found in Lloyd and Meinke’s dataset. There ageuvbgetative phenotypes
and one seed phenotype for LSS, following the general trend that twegyetaenotypes are the
most abundant.

In summary, the PP patterns in these specific phenotype groupsbleshose of all

phenotypes and lethal phenotypes (above), tending to be lowest inhigh®st in SD, and
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similar between OT and DR classes. Therefore, it seemsubhtpatterns are not caused by the
over- or under-representation of a specific type of phenotype in a certain subset

Though the three datasets studied here have phenotype data for usdfeitsnahgenes
in each subset, there are still many genes completely uniratestigAmong those with their
mutants studied, some were merely screened for visually-evig@phology alternations, while
others were additionally scrutinized for non-obvious phenotypes such llagarcdevel
abnormalities. Therefore, the absence of KO phenotypes in maayg o@sy be for reasons
unrelated to gene function: KO lines might never be assessed urgltaiia condition or using a
particular method. Moreover, the inconsistency in phenotype data amdegerdifdatasets
reflects the problem of mutant quality: phenotypes from diffarastants for one gene might be
different or even conflicting (eg. lethal or non-lethal), indicatingt not all mutants were real
knockouts. Collectively, if the scientific community would like to et investigate these
subsets of Arabidopsis single copy genes, more needs to be done dgeimpd expand the
phenotype data.
DISCUSSION

Similarly to duplicated genes, single copy genes are a divayap.grheir characteristics
can be related to their conservation level as well as theraapper of their homologs in other
plant species, according to which we divided Arabidopsis single copy gatioefour subsets:
LSS, OT, DR, and SD. For subsets DR and LSS, their descriptorsiffpsae, gene structure,
expression pattern and others) have been investigated in detail irstoidies. Yet, phenotypes,
which are most directly related to gene function, have not preyidestn summarized and

compared among those subsets. We compared phenotype datasets twparalgene knockout
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mutants to investigate the proportion of genes with phenotypes (phermaygntage--PP) in
each subset.

Despite differences in the three Arabidopsis phenotype datasitsregard to the
numbers of genes and phenotypes, it remains an accurate geheralizat the conserved
groups (OT, DR, SD) carry more important functions than the non-consgreed (LSS), as
reflected by higher proportions of knockout mutant phenotypes as wedkaatial genes. This is
consistent with findings in bacteria [82], yeast [83][84] and mo@&§®. [Further, the PP is
positively correlated with the number of species the genesoaseived in (Figure S2.3), using
the most up-to-date Lloyd and Meinke dataset. A gene presernaskdong evolutionary time
(i.e., in many species) is likely to function in fundamental metalprbcesses such as protein
synthesis or DNA replication. The disturbance of these procebsesgghh removing such genes
from a genome, usually has negative consequences [85].

The most consistent results are found for LSSs, in which the phenpgypentage is
consistently low, with only 6 (0.4%) published phenotypes for the 1669 ¢emesgh 2012. In
contrast to conserved genes, LSSs are most simply explainedeny ogigin, and thus have not
been ‘tested’ by natural selection over long evolutionary tindgs alternate, less parsimonious
hypothesis is that LSSs have not survived the test of time, ardolen eliminated from most
lineages. The lack of phenotypes for their knockout mutants in al tfatasets implies that they
may not have important functions. Yet, the lack of HM SALK linegFfé S2.1) compared to
other subsets suggests that they might have essential functioystefatic effort to isolate HM
mutants for those without HM SALK lines would test whether gussibility is true. It is also
worth investigating whether LSSs frequently have conditional phenotypes, tpeir possible

role in stress response (section “Single copy genes are not a homogenousgndpulati
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OT is the largest subset of the four classes of single cepgsg containing 2011 (48.6%
of) genes , and can be further divided into ‘partly’ (790) and ‘fully’ eoved single copy genes
(1221, without DR and SD). The PP is much higher in fully-conserved ()3l partly-
conserved OTs (4.8%) (Table S2.3), making fully-conserved OTs #ne contributor to the
high PP of OT. This group represents single copy genes witbnaale copy number variation
among their homologs.

SD is one extreme subgroup of fully conserved single copy genes,dwilicated
homologs in all four plant species, making them a small yet unique population. With hegid PP
high proportions of annotated function in almost every category (TaBl&), SD involves
relatively well-known genes that are duplicated in many taxanbtitin Arabidopsis. The
retention of multiple gene copies in many other taxa implibgresubfunctionalization or some
advantage of multiple gene doses, with the single Arabidopsis cobgpgsebeing more prone
than an average gene to show a KO phenotype. To confirm this assurfytatimnal analysis
of their homologs in other plant species is necessary.

Particularly perplexing are the DR class of fully conseneteg, with little copy number
variation. The DR class has lower average PP (8.6%) than otherctuigerved single copy
genes (13.5%) in the three datasets (Table S2.3). The faciolloaving many independent
genome duplications these genes are recurrently restored to lowaoyer but not lost [37],
seems to imply that they serve some important function(s). kexldanowledge of the functions
of DR genes would shed light on the underlying mechanisms that tfasiorepeated return to

single-copy status after duplication.
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Table 2.1 Classification of Arabidopsis single copy genes.

Copy number in five plant species

Groups Subsets Arabidopsis Oryza Vitis Carica Populus
Non-conserved L5S 1 0 0 0 0
Partially conserved OT-P* | =0 =0 =0 =0

DR | | | 1 |
Fully-conserved 5D =1 =1 =1 =1 =1
OT-F* 1 =0 =0 =0 =0

*OT-P and OT-F can be combined together as OT
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Table 2.2 Phenotype re-grouping in the three datasets.

SOl Hanada 4000DS! Lloyd and Meinke?
grouping
seedling (agar_ Class "V" (germination,
L plate),leaves (soil),
altered germination, . cotyledon, hypocotyl,
. flowering and growth | . :
. seedling, root, rosette L9 pigment, growth rate, size
vegetative (bolting time, plant

or transition to
flowering [83]

height, growth) , stems
(color/size/others),
branching

root, leaf, stem, shoot
structure, miscellaneous
shoot)

abnormal flower,
reproductive| silique, seed coat, or
gamete [83]

flowers (structure),
siliques (shape), seed
yield (yield)

Class "R" (flower, silique
morphology, ovule,
pollen, sterility, seed, seed

coat)

embryo- or endospern
seed defective or seed
pigment mutant [83]

seed yield (seed shape

) Class "S" (embryo
defective, seed defective)

1. Genes in more than one category were re-grouped according to theevea® category,

based on phenotype severity: Seed > Reproductive > Vegetative.

2. The class and description is from Lloyd and Meinke (2012) supplemental table S1.
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CHAPTER 3
PHENOME ANALYSIS OF DUPLICATION-RESISTANT GENES USING ARRADOPSIS

T-DNA INSERTIONAL MUTANTS

Chengbo Zhou, Kenneth Feldmann, Kathryn Millward and Andrew H. Paterson. To be submitted

to Physiologia Plantarum.
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ABSTRACT

Genes conserved among multiple plant species are expected tosaamdbanportant
functions, thus being a vital component of plant genomes. Among conserved plast{ ge
‘duplication-resistant’ (DR) genes stand out because of themgtendency to return to single-
copy dosage despite recurrent, independent duplication events. Their dassifeity strongly
suggests that DR genes experience different selective corsstitaamt other conserved genes.
The recurring removal of duplicated gene copies is a rare apelt amt-well-explained fate of
gene duplication. This fate shows non-random association with genéofyras implied by
enriched GO terms in DR genes, making functional study of DRsgangath by which to
decipher the basis of duplication resistance. In this study,seessed Arabidopsis DR genes’
function via their knockout phenotypes. T-DNA insertional mutants of 179 DiRsgand 64
non-DR singletons were screened for root and stress-triggeradtppes. Compared to single-
copy-random (SCR) genes, most with duplicated homologs in other gaoies, T-DNA
insertional mutants of DR genes were less likely to exhibit phpastthan SCR genes under all
tested stress conditions except salt. The overrepresentatioft gheaotypes, together with
underrepresentation of ABA and cold sensitive phenotypes in ther@® gvere also seen in
comparison with other non-DR singletons (nDR), which had been earlyad&dates later
found to be non-DR by analysis of more genomes. On the other hande gd@notypes,
including visible seedling alternations as well as phenotypesaitneBcof homozygous lethality,
occurred more frequently in the DR group than the controls. Distinctiveopfpc features of
DR genes may provide further information toward learning thecBeé constraints that
repeatedly return these genes to single-copy dosage. The pherdisqgmsered and mutants

characterized herein, serve as a foundation for in-depth functiowigl 8etter understanding of
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DR genes’ function would contribute greatly to plant functional gea@nalysis, and provide
insight into the evolutionary basis of their persistent single copy status.
ABBREVIATIONS

WGD (whole genome duplication); HM (homozygous); HT (heterozygolgT;
(wildtype); PP (phenotype percentage)
INTRODUCTION

The evolutionary history of plant genomes is characterized hyrettarrent whole
genome duplications (WGDs) as well as numerous small-scalecalimtis of individual genes
or small genomic regions (SSDs) [1, 2]. In angiosperms, the drig@teof genes in the last
universal common ancestor (LUCA) has been at least duplicateao(iexception) and re-
duplicated in most species. Most duplicated gene copies were maidunctionalized due to
accumulated mutations [3], or became new genes without recognizgbnse resemblance to
the original copy [3]. In either case, these once-duplicated geweged to single copy dosage.
In contrast, multiple copies were retained for a minority of gef@ming gene families of
various sizes.

Due to diverse processes and some random factors, the copy nurobesgied genes
varies among species. Yet, there exist appreciable numbers af thabare widely conserved
only in single copies or low copy numbers. These genes serwalasble markers for
phylogenic study [4, 5]. Moreover, their recurring return to low copyberrfollowing recurring
duplication events, which has been shown to be non-random [6], may be méaflongtness
of a genotype, though the underlying selective mechanisms remain unclear.

Genes with persistent single copy status have been assesse@rbl research groups

[4, 7, 8]. The names given to these genes vary, thus to avoid confusipraréhesferred to
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herein as ‘duplication-resistant (DR) genes’. The lists of DRdicates identified by each
research group differ from one another, due to the study ofetitfepecies and use of different
analytical methods. Nevertheless, much congruence was found incHaacteristics. The
number of DR genes is much higher than expected under the assumptiamdah ross,
indicating that selective forces contribute to their single ctaius. Indeed, purifying selection
acting on these genes is implied by evidence including low dNI#S {7] and low Ka values
[8]. Moreover, DR genes are structurally complex [4, 7], containireatgr than average
numbers of exons/introns; and functionally biased, being over-represer®d terms such as
DNA or RNA metabolism, chloroplast and plastid [4, 8.

Insights into causes of ‘duplication resistance’ (copy numbetatieq) have been
inspired by functional features of DR genes. For example, enricHorerttloroplast-located DR
proteins raised the hypothesis that dosage balance betweerbigs®teins and chloroplast-
genome-encoded interaction partners would be disturbed by nuclear lotifaroplast genome
duplication, resulting in selection against unilateral duplication [RJasonable as it is, the
theory is limited to a small subset of DR genes. Duplicatioisteese of genes encoding
subunits of macromolecular complexes, for example, is not welhiegal by the dosage balance
hypothesis [9], according to which these genes should be WGD dupiicstiesd of persistent
singletons [2]. In this case, it may not be increased dosageatisgsctrouble, but rather mutated
proteins produced by one of the duplicated copies that compete withilthéype protein in
binding to other components, and form inactive complexes [8]. Experincamtrmation of
hypotheses about causes of duplication resistance would be valuablaptvates functional

study in deciphering DR genes’ copy number syndromes.
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More definitive than predicted functions is empirical observation ofopjpc changes
resulting from silencing a gene, directly reflecting its fiorct For example, a plant lacking
proteins functioning in a critical metabolic pathway may expegepremature death, while the
absence of enzymes involved in pigment synthesis may merely cbalogéntensity or pattern.
Therefore, to study gene function, mutants with disturbance of feveraloéy one, gene(s) per
line were made and their phenotypes searched [10].

Arabidopsis mutant resources [10-14] and their phenotypic descriptions [&5e17]
abundant, and from the published knockout (KO) phenotypes some phenotypicsfehtDie
genes were extracted (Chapter 2). Compared to other fully codssmgletons (OT-F),
Arabidopsis DR genes were less likely to either reveal knockout pipEsoor be essential,
indicating that functions carried by DR genes might not be as inmp@sathose of OT-F genes
(Chapter 2). The relatively low phenotype percentage (PP) of@&fes was seen in all three
phenotype categories, namely, Seed, Vegetative and ReproducheptéC 2). The results
suggest that duplication resistance might not be directly retatéanctional importance, nor
correlated with a particular phenotype category. However, thesevabsas may change with
new phenotype data, especially given that as many as 88% (360/408 genes lacked
reported knockout phenotypes (Chapter 2). Among those without phenotypeshesend@se
mutants have not been investigated, implying the possibility of uncovering new phenotype

The potential for phenotype discovery is particularly large in tiomali phenotypes,
which require a specific environment to discern, because of thearage of conditions that
plants must adapt to in nature. For example, different concentratieadt as well as a variety
of measurements (germination rate, root length, leaf numbdrstaers) could be applied in a

salt screen. Environmental conditions affecting crop production have beentwfuing interest,
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including drought [18], salinity [19], and cold [20]. Candidate genes condestiness tolerance
have been important targets for development of molecular tools dpr iotprovement [21].

Though numerous stress screens involving thousands of genes have beemepeifo

Arabidopsis [22-27], none have focused on DR genes, implying that mamyudddts have not
been tested under stress yet.

In this study, T-DNA insertional mutants (SALK lines) [10] o&l#idopsis DR genes,
and non-DR but conserved singletons as the control group, were assessedhariety of
phenotype screens, focusing on four stress conditions that soughtutateemmajor stresses
threatening crop productivity, including drought (ABA, mannitol), saitd and heat, and high
sucrose condition. The original DR candidates include those defined ine€ClRaps well as
conserved single copy genes (between Arabidopsis and Rice)DRitllomains, while the
original control group (SCR) contains mostly SD and OT-F genes: adjestment (detailed in
methods) resulted in re-classifying some genes from the DR gooiinge tnDR’ control group.
The final sample was limited to qualified DR candidates withilable SALK lines, preferably
with insertions in exons or introns. The five stresses were chosandmethey were relatively
well studied [28-32], thus easier to connect DR function with knownsstesponse pathways or
networks. Together with the highly conserved nature of the testsgeknowledge gained
through this study may contribute to molecular breeding of stress-tolerant crops

In addition to stress-response candidates, root length of mutantsembnapavildtype
(WT) ColO plants was scored on vertical plates. Though not intefifis@eened, abnormal
seedlings were noted for plants grown in growth chambers andeckfes as soil growth
phenotypes. Phenotypes indicating lethality for lines that labketbzygous (HM) plants for T-

DNA insertion, such as dying seedlings and abnormal seeds inligides, were classified as
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potentially lethal (PL) phenotypes. Together, these phenotypes exhditelatively complete
picture of the outcome of DR genes’ knockout. Through comparing the pperadya between
DR genes and other singletons, phenotypic features that may beatssatith duplication
resistance were identified.

MATERIALS AND METHODS

DR, SCR and nDR gene lists

Arabidopsis genes were blasted against one another as wekea®ftliour other plant
genomes Carica papaya, Populus trichocarpa, Vitis vinifera, and Oryza sativa). Genes with
exactly one blastp hit (e value less than or equal to le-10) iivalplant genomes were
considered DR candidates, forming one DR subgroup named ‘stigb¢tsim (SS)’, which was
further divided into non-syntenic and syntenic classes according tolgst®n [33, 34]. The
other subgroup, ‘protein domain (PD)’, contains genes conserved as somlein both
Arabidopsis and Oryza and with protein functional (Pfam) domains atetsignificantly
enriched in singletons [6].

Copy numbers of the DR candidates in 21 genomdsnil{ot esculenta, Ricinus
communis, Populus trichocarpa, Medicago truncatula, Glycine max, Cucumis sativus, Prunus
persica, Arabidopsis thalianalArabidopsis lyrata, Carica papaya, Citrus sinensis|Citrus
clementina, Eucalyptus grandis, Vitis vinifera, Mimulus guttatus, Aquilegia coerulea, Sorghum
bicolor|Setaria italica|Oryza sativa|Brachypodium distachyon, Zea mays) were assessed on
Phytozome 7.0. To reduce redundancy and make the dataset easialyle, multiple counts
were ‘collapsed’ into a single count for species that experietfteedame sets of WGDs or
whole genome triplications (WGTSs). Particularly, average counts taken for two arabidopsis,

four diploid grass, and two citrus species, with the only exceptiortlteatount cannot be zero
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as long as one lineage is nonzero. For example, if the count wasAdahidopsis thaliana and
‘0’ in Arabidopsis lyrata, the collapsed count would be ‘1’ which assumesAhjfrata contains
incomplete data. After this collapse, 16 lineages remain. DR caeslidé&hout homologs in two
or more genomes were dropped from the initial list, and were narddi, while the remaining
303 genes were considered DR candidates (Table S3.1).

Other Arabidopsis singletons, which were not single copy in ableasf the other four
species, were named SCR (single copy random) genes, asvdhaile single copy status
suggested random factors [2]. The original control group (SCR) codtatheandomly selected
Arabidopsis single copy genes conserved in all four other sp€sie’ or ‘OT-F’ in Chapter 2),
and three Arabidopsis single copy genes conserved in at least omet lalit four other species
(‘OT-P’ in Chapter 2) (Table S3.1).

Genotyping

Seeds ordered from Arabidopsis Biological Resource Center (ABRE sown on soil
in sets of six, from which a pooled leaf sample was collecteDINA extraction. Plant genome
DNA was extracted by cetyltrimethylammonium bromide (ClABsed Method [35] with
modifications.

PCR was done on the pooled sample for each mutant line. Primezsfausd on
http://signal.salk.edu/tdnaprimers.2.html, where the genotype scorirfgpanebuld be found.
Instead of conducting the standard protocol, which in our case oftenecesulnhonspecific
amplification, two PCR reactions were done with the primer combmétP+RP) and (LB+RP)
(http://signal.salk.edu/tdnaprimers.2.html), respectively. The genotymgsesponding to
different banding patterns were shown in Figure M3.1, with WT stgnfdir ‘wildtype’, HM

representing ‘homozygous’ and HT for ‘heterozygous’ for the T-DNA insertion.
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Seeds harvested from homozygous (HM) plants, with identical T-DN@&rtion in both
alleles of the target gene, were directly used in phenotyperscré&or heterozygous (HT)
samples, with one knockout allele and one functional allele of tigettgene, 12 seeds were
planted and the resulting seedlings were genotyped to seek one dilvhgtant(s), from which
homozygous (selfed) seeds were collected for phenotype screens.

Lethality test

For lines lacking HM plants, young fruits of HT parents (if availabled a&sayed under
a dissecting microscope to identify abnormally developed seeds.

Planting

Soil was put into pots sitting in flats and totally saturatddwater before planting, with
2-3 cm water remaining in the flat. Once the seeds were jpattsn each flat was covered with a
transparent plastic lid, and kept at 40 C for 3 days to reduce dormaddgnprove synchrony of
germination. After moving the flats to a growth chamber (22°C, 16f&:ldark cycle, 100u
Einsteins), the lid was kept on for several days. After remotheglids, flats were bottom
watered when the soil became noticeably dry.

Stress screens, root screens and Kanamycin test

Stress screens include those involving exposure to ABA, mannitol, roath gcold
germination, heat, heat recovery, salt and sucrose. These were duete dishes with specific
media. All media contained exogenous sucrose (5g/L) except tandbd in the sucrose screen.
The basic medium used for root, etiolation, cold, heat and Kanar@@mg/L and 50mg/L)
screens was 0.5xMS (Murashige and Skoog [36]). The basic medium asedahnitol

(375mM), ABA (1.uM), sucrose (300mM) and salt (125mM) was 1xMS. Both ABA and
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mannitol media were supplemented with MES (2-(N-morpholino)ethanesukiaidg hydrate
(59/L), which serves as a buffer to stabilize pH.
Seed Sterilization

Seeds used in stress, root and kanamycin screens were steyilizetdx of clorox and
water (volume 1:1) with 2 drops of Triton X-100 per 100 ml solution. In a 1Eppéndorf tube,
seeds were mixed well with the clorox solution and submerged for 8easjrthen rinsed with
1.5 ml sterile water three times. Sterile water (1ml) a@dded after the rinses to enable planting
seeds on the plates with a pipette. Soft agar (0.1%) was addeadiifsthe seeds needed to be
stored (at 4°C) for more than three days.

Plate arrangement

ABA, mannitol, sucrose, salt, cold growth, heat/heat recoverynsciear each mutant
line and controls (Col0), 10-15 seeds were plated evenly in a stiaglparallel to one side of a
square plate (15 x 100 x 100mm). Six to eight lines (that may inthed®/T) were screened per
plate (Figure M3.2).

Root screens: For each mutant line as well as the control (ObIY,seeds were plated
evenly in a straight line parallel to one side of a square fll&tex 100 x 100mm). The seeds
were about 1 cm from the top of the plate when the plate wasopesitvertically. Two mutant
lines were plated side by side, each taking one half of the plate’s side (Eiggtre M3.2).

Cold germination screen: Square plates (15 x 100 x 100mm) with iés60gr the
bottoms were used. On each plate, seeds from two replicates olithitrines as well as
controls were plated randomly, with each replicate occupying adeWhile plating, one drop

of seed suspension was placed in each grid, containing 20-30 seeds.
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Heat/Heat recovery and cold growth screens (early trilsine of the earliest screens
were done on round plates (100 x 15 mm). Three mutant lines or two rin&ntvith one
control were screened per plate, each occupying a 120 degree sdwire 20-30 seeds were
plated evenly (Figure M3.3).

Kanamycin screens: Four lines (or seeds from four individualg)lardre inoculated per
plate, each taking ¥ of the plate area. Around 20~30 seeds weregvatdyl for each line (or
individual plant) (Figure M3.3).

Phenotyping

If not noted otherwise below, plates were first photographed dtttheday after plating,
and again every week for 2~4 weeks; growth conditions were 22°C, 100tgifsnsght
intensity, 16:8 hour light: dark cycle.

After plating seeds, ABA and sucrose plates were photographtd atth day; Root
plates were placed at 40 C for 3 days before being kept alemia growth chamber; Cold
germination plates were put in a 100 C growth chamber; Cold groatiésplivere put in a 22°C
growth chamber for 7 days before transfer to a 10°C growth chiaieat plates were wrapped
with vent tape instead of parafilm (which would melt at 34°C) amdiqto a 34°C growth
chamber; Heat recovery plates stayed at 34°C for 7 days Wedorg transferred to a 22°C
growth chamber, where they were photographed after 7 days; Kamastpring started at the
10th~12th day in a 22°C growth chamber, and scores were directlyeddard notebook (not
photographed).

Phenotype scoring
Phenotype scoring was done using photos of the plates for all serexmd Kanamycin.

One score was assigned to each mutant line per plate, based on the averagenmerfor 10-30
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individuals in that mutant line compared to the control. In most cadsescore is an integer
ranging from 0O to 5, with O representing ‘no germination’, 1 for ‘\s&gsitive’, 2 for ‘somewhat
sensitive’, 3 for ‘normal’ (similar to wild type), 4 for ‘somewhwtlerant’, and 5 for ‘very

tolerant’. Sensitive mutants are smaller than the control whlkrant mutants are bigger
(Figure M3.4). For a few cases in which the most striking difiegewas color, yellow was
considered to be ‘sensitive’ while ‘green’ was ‘tolerant’. When anfgw (<50%) individuals

within a mutant line showed phenotypes, the score ‘seg’ (for semggeas assigned (Figure
M3.4).

In addition to depicting the performance of seedlings, root scoresymepresented root
length, with 1 being ‘short’, 2 being ‘slightly short’, 3 being nafna being ‘slightly long’, and
5 being ‘long’ (Figure M3.5). The 0 still stands for ‘no germinatiand ‘seg’ means only a few
plants within a mutant line showed a phenotype.

The average of all non-seg scores of a particular mutast cakculated per trial,
representing the overall performance during the 2-4 week growthdpéfithere was only one
non-seg score, it would be recorded as ‘single read’ insteachurihber. The ‘single read’ was
not considered a valid phenotypic score if no other trial was danthis mutant or no other
score was assigned because it raised the possibility of vanitiastual outcomes, for example,
that the plate was contaminated. For a final score of one tudnts with average scores from
2.5-3.5 were re-assigned with score 3; mutants with average soa@sthan 2.5 were re-
assigned with 1 (if there was no 3) or 2 (if there was on¢h8%e with average scores higher
than 3.5 were re-assigned with 5 (no 3) or 4 (one 3) (Figure M3.6).

Trial scores were combined together to create a final s@imilar scores were

interpreted as an increase in the level of confidence with whigsits#ty or tolerance was
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inferred. For example, if a mutant was assigned score 2 in bal) then the final score would
be 1. In contrast, divergent scores were interpreted as a skeanethe level of confidence with
which sensitivity or tolerance was inferred. For example, ifuéant was 1 in one trial and 3 in
the other, the final score would be 2. The same rule applied theenwere three or more trials.
For example, if a mutant was 1 in one trial and 3 in the otherttials, then the final score
would be 3 (Figure M3.6).

No numeric score was assigned in the cold germination screenadnstethe two
replicates on the same plates (Figure M3.2) had similar phendhgiesere each different from
WT, the mutant was scored according to their phenotypes, includindc@8 sensitive), ‘CT’
(cold tolerant), and ‘YG’ (yellow green). Mutants tested in only wia¢ received the score ‘SR’
(single read).

For the Kanamycin screen, green plants with visible roots weoeed as ‘R’,
representing ‘resistant’, while pale-green plants with veryl@hatoots were scored as ‘S’,
representing ‘sensitive’. If both ‘R’ and ‘S’ appeared in one line, the mutantoeesisas ‘seg’.
Validation of mild phenotypes

To validate the phenotypes we observed, the sizes of some randomly chosen mutants with
sensitive or tolerant phenotypes as well as their correspondimgols were measured and
compared. As we were using photos for measurement, the relatgte/\@dth compared to a
fixed reference length was necessary to enable comparisamg alifferent plates. As most of
the plates we used (especially in the later stage ofttidy)shave the 6x6 grid patterned bottom,
the length of one grid was chosen as the reference length. Size of pRangleas calculated by
the product of the relative length and relative width. T-teste wa@plied to assess statistical

significance of the difference in size between the chosen mutant and the.control
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RESULTS
Genotyping and genotype groups

A total of 250 SALK lines were genotyped for T-DNA insertiomgluding 181 DR, 37
NDR and 32 SCR lines (Table 3.1). There are two different SALIS lioetwo DR genes, one
NnDR gene and three SCR genes (Table S3.2; green cells in cgen&l), only one of which
were involved in the root and stress screens though all werendgumwseed collection. The
SALK lines were divided into three genotype groups (Table 3.1). Oneocg hbomozygous
(HM) knockout plant(s) were identified in 185 (74%) SALK lines, forgnthe HM group. Both
heterozygous (HT) and wild type (WT) plants were present in 27 Y HALK lines without
homozygous plants, constituting the potentially lethal (PL) group \fboich homozygous
knockout mutants may be inviable]. The wild type (WT) group contair(d48%) SALK lines in
which all plants were wild type. Others (OT) include 4 liné&)2vith only HT plants or plants
with unknown genotypes.

For WT and OT groups, phenotypes may not be associated with targst. dge WT
lines, the T-DNA insertions were not at their expected plagéis,their real locations unknown.
Both DR and control groups included WT lines, which were probably causedcbsrect
mapping of T-DNA locations [37]. Two WT lines (SALK_081322 and SALK 040220&)ew
also recorded as WT in a chloroplast function database (httge/v&rpsc.riken.jp/chloroplast/),
agreeing with our results. DR knockout mutants have the highest pgeeaftaVT (16%),
similar to what was reported in the chloroplast functional da¢af®4, while the percentage is
lower in nDR (8%) and SCR (9%).

Lines with only HT plants may indicate abnormal insertion evemtsekample, perhaps

only a short segment of the T-DNA left border was insertedadsté the whole region, and
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therefore did not block the (LP+RP) reaction. In this case, the bapditeyns of HT and HM
would be indistinguishable. The small insertion might exert no infei@mctranscription thus a
full-length mRNA could still be produced. Therefore, the HT lineseweat considered knockout
mutants.

One (Mutant 21) of the two lines with unknown genotype did not have amfibincof
the wild type allele in the control (wildtype Col0 DNA). Thidldae of amplification might
indicate a problem with the LP primer. The (LB+RP) primer contlmnaamplified in the
pooled sample, indicating that nothing was wrong with LB or RP psimed the sample DNA.
The control DNA worked well for (LP+RP) primers of other SAliKes using the same PCR
mixture and PCR machine, eliminating the potential problem of the control DNA laedRTCR-
related factors. Mutant 21 was kanamycin-resistant and not séiggeghus could possibly be
HM. As to the other line (Mutant 3_30; SALK_067058C), which was HM iaa& phenomics
study [38], no PCR product was detected.

Potentially lethal (PL) SALK lines

DR genes have a higher percentage of potentially lethal Sl (12%) than both SD
(9%) and nDR (8%). Abnormal seedlings were detected in 63% of P& ¢jr@vn on soll
(Figure 3.1c,d), and defective seeds were found in siliques of hegjerazplants in 41% of PL
lines (Figure 3.1a,b; Table S3.3), supporting the lethality of the absent HM genbibype 30%
of PL genes were confirmed as essential to plant survivalthgr research groups, and 15%
have published morphological phenotypes (Table S3.3).

Evidence of HM knockout lethality was found in root and other screemelhsMutant

45 segregated for small, red seedlings in the sucrose scrgene(Bi2). For mutant 56, small
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grey seedlings were found in the ABA screen, and a few timyevseedlings occurred in the
mannitol screen, in agreement with its reported lethal phenotype [39](Figure 3.2).

Of the 20 PL lines tested in root or stress screens, mostseered as 3 (no difference
from WT), agreeing with the fact that these plants wereoHWT for T-DNA insertions. The
expected ‘seg’ phenotype rarely appeared, perhaps because the nummdedsofor each line
was too small to be confident of including HM seed. Though two or thré@-a# seeds from
selfed HT plants were expected to be HM, the frequency of H¥tpimight be less than 25%.
Consistent with this possibility, no line showed ‘seg’ phenotypes in tharetwo screens, even
for the confirmed lethal mutants (eg. Mutant 56).

In two PL lines, phenotypes were observed in most but not all plahi only one
quarter or fewer of seedlings were expected to be HM. The obisphenotype in one mutant
(mutant 3_23; SALK_080169C) is similar to its reported phenotype [40}t etinknown why
so many seedlings showed phenotypes. These lines perhaps segtgatpital ratios or the
T-DNA insertion caused a dominant phenotype, with their HT planvesaheg phenotypes as
well.

Interestingly, a few tolerant phenotypes were found, espeamathe ABA screen. Most
of these phenotypes were mild (score 4) except for one in sucragan{ML.49). Rather than
being a mutant effect, the slightly larger size might béiwithe normal range of wild type
Arabidopsis plants, or due to unknown environmental factors.

Homozygous (HM) SALK lines: Soil growth phenotypes

As many as 14% (18/130) of DR HM mutants, but no SCR or nDR mutdmisied

phenotypes under normal growth conditions while growing plants for §@sths or genotyping

(Table S3.4)(Table 3.2). Most of the phenotypes were describ&sma$i’ (Table S3.4), and
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could be associated with many factors including late germinatdarded growth, dwarfism,
seedling lethality, watering or seed quality. Therefore, theyevgrouped based upon more
detailed descriptions in addition to ‘small’. For example, a mwtétht description ‘small and
yellow green’ would be put in the ‘pigment’ category. Theresangen categories in total for soil
growth phenotypes of DR HM mutants (Table 3.2).

Phenotypes in the ‘lethal’ category may not derive from thestaggnes. Small, dying
plants did not survive to the 6-8 leaf stage when leaves werectedlléor DNA extraction,
therefore HM plants were not identified in PCR. Instead, lethahqilypes might be caused by
T-DNA insertion in non-target genes, or by environmental factorsrdstingly, one of the five
genes in the ‘lethal’ category was reported to be essetiiaknockout mutant has abnormal
chloroplasts thus cannot survive without exogenous sucrose [41]. The repberdtype
belongs to a mutant (Feldmann T-DNA line, no. 2755) different from @A&K 021962C),
which experienced PCR problems, therefore the only putative HM plant might notybidtful

The distribution of phenotypes among other categories was not evéantheitargest
non-lethal category being ‘pigment’, containing four lines (Table 3MAg enrichment of
pigment mutants was not due to a high percentage (32.3%; 98/303) of chlstangasng
proteins, the elimination of which frequently results in a pigmefagcti¢42], as only one out of
the four proteins in ‘pigment’ is located in the chloroplast.

All three DR genes in the ‘leaf’ category were relatedRISA metabolism (rRNA
processing, tRNA/rRNA methyltransferase, RNA modificatiorfyrectional term occurring at a
low frequency (4.2%, as 17 of the 409 genes with HM SALK lindzhianoLeabelonged to the
GO category ‘DNA or RNA metabolism’) in leaf phenotypes [38].oTef the three proteins

were chloroplast-targeting, and both werePBhenolLeaf[38]. SALK 005531C (Mutant 40,
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AT5G15390) had reduced trichomes in our study, yet was no differentViférim Phenol eaf
where trichomes may not be scored. For gene AT4G21770, SALK 039518C (Mutantvhs49)
reported to have no phenotype under normal conditions, as we also obseradid.cGrhed
leaves were found in another SALK line (SALK_149232C) for the same(§eyee 3.3d). The
T-DNA insertions were at different locations in the two mutawith SALK 149232C in an
intron and SALK 039518C in the 5’'UTR, presumably contributing to their moogieal
difference.

Though most soil growth phenotypes were manifested in a few thterll plants in a
particular mutant line, ‘seg’ depicts those with about 25% of seedlings showingtybes. Two
of the three ‘seg’ mutants (135 and 177) experienced PCR problemsfiaatiph was poor in
mutant 135, whereas in mutant 177 the (LP+RP) reaction failed in one trial. AstathesuHM
plant(s) might in fact be HT. In addition, both mutants have published knockoobtppes.
Mutant 135 corresponds to a known essential gene (AT3G20070) [43, 44], sol theowth
phenotype (slightly smaller stature and fewer siligues compar&dT) may not be from HM
plants. Instead, its segregation for lethality was refleciedhb appearance of a few stunted
plants in the root screen. As for mutant 177, a gamma-ray-inducedtrastavell as a different
SALK line of the same gene revealed blocked lateral roaaiioh, small bushy shoots, and
male sterility [45], partly consistent with the small and abrabreeedlings we observed. In
mutant 97, the segregating phenotype for tiny seedlings agidethes light green seeds in HT
siliques. Different from this observation, the published phenotypes indlidetly early
flowering and reduced responsiveness to GA and BR treatmengdiged germination [46].

Therefore, the ‘seg’ phenotype of mutant 97 is likely to be unrelated to ¢jet ¢gene.
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The ‘multiple’ group describes cases in which distinct phenotypes wieserved in
different individuals of the same mutant line. In mutant 115, one plantasa$iowering, one
had reduced fertility, and one was small, all being involved in therted phenotypes [47]. In
addition, the ‘flowering’ mutant (mutant 11) was early flowerindjilev the ‘seed’ mutant
(mutant 131) had abnormal seed.

In summary, there are 12 DR HM mutants with soil growth phenaotyfes removing
those likely not caused by the mutated target genes (all ‘lethe¢pt mutant 99; all ‘seg’ except
mutant 177). The soil growth PP in DR HM mutants thus became 9.2% (12/130).
Homozygous (HM) SALK lines: Root and stress screen phenotypes

Not all HM SALK lines were included in the root and stress phegreotyataset for
various reasons. In early trials, plates were not photographecdihgaitriking was noticed. In
addition, a few plates were contaminated. All of these reasdnt Isingle read’ (Methods)
results, which were not considered a valid phenotype score. One HM SKeK

(SALK_017317C) was not tested because it was not yet in hand amntheftthe screen. For

gene AT4G21770 with two SALK lines, SALK 039518C was tested instead of

SALK_149232C.

Segreqgating phenotypes

Segregating root or stress phenotypes were found in both DR andrhBiR.were three
‘seg’ nDR knockout mutants (Figure 3.4), all with reliable genotypesylts. Therefore the
‘seg’ appearance might be caused by factors other than scofingehbtypes as HM, for
example, phenotype penetrance being less than 100%.

In DR, six ‘seg’s were found in five mutants, with mutant 135 segjrega both root

and sucrose screens (Figure 3.5). Three of the five mutants (Mutants 26, 177, 97) dragvtoil
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phenotypes, indicating that most ‘seg’s reiterated morphologicalgelsaexpressed under
normal conditions rather than reflecting root or stress spqatienotypes. As discussed above,
genotyping error might account for the segregating phenotyppesiiants 177 and 135, while a
background T-DNA insertion may be responsible for the ‘seg’ in mutant 97.

The non-seqgregating root phenotypes

A total of six (5%) DR, one (4%) nDR and one (5%) SCR HM mutast{ewed root
phenotypes (Table S3.5). One of these mutants had long roots, whiléné¢ing had short roots,
consistent with the observation that long roots appear much les®rthgthan short roots
among published knockout phenotypes [17]. Four of the six DR root mutants hakirm st
phenotype (scored 1 or 5), whereas all nDR and SCR root phenotypes were mild (scored 2).

Most published root phenotypes co-occurred with other morphological &hange
particularly dwarfism [17]. In contrast, only one root mutant (Mutahf had a soil growth
phenotype, indicating that these genes tended to be involved in rootespemtesses. Five out
of eight root mutants correspond to proteins located in chloroplast @chartdrion, suggesting
over-representation of pathways regulating root development through irsggrabsstalk
between chloroplast/mitochondrion and nuclear genomes.

Hormone signaling played an important role in root development [48AB®.regulates
root growth through interaction with other hormone signaling or symthesihways [50],
promoting root growth at low concentration (<1uM) and inhibiting rootwgroat high
concentration [51]. Therefore, mutants with defects in ABA siggaiight have disturbed root
development, and vice versa. The SCR root mutant was indeed setiosAiBA, yet none of the
DR mutants had ABA phenotypes, indicating that DR genes’ fumgtiliffered from the control

group in root growth regulation.
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Among the six DR genes with root phenotypes, three might indiredtict protein
synthesis efficiency according to their annotation, including ribas@nmotein S4, pseudouridine
synthase and anthranilate phosphoribosyltransferase. Pseudouridine sgnthnageed in RNA
modification [52] and Anthranilate phosphoribosyl-transferase partespan tryptophan
biosynthesis. Though no stress condition was applied in the root scneergenhes were
implicated in stress response: NDF6 is likely to be a suburitDii, which helps to alleviate
oxidative stress in chloroplasts [53]; ATTPR2, a putative co-cbape of Hsp70/Hsp90,
interacts with Hsp90, the expression of which is induced by a yaofestresses [54]. The
remaining protein, a CAAX amino terminal protease family proteightrbe involved in signal
transduction, as CAAX proteins have essential roles in mammalian signalwgagat[55].

The non-seqgregating root phenotypes

DR genes with striking stress phenotype

About 7% of DR HM SALK lines, representing 9 DR genes, showekirgirphenotypes
(with a final score of 0, 1, or 5) in stress screen(s) (T&3&). The screens with the most
striking-phenotype mutants are sucrose and cold germination, each canthngie. These two
screens were the only ones in which striking phenotypes were found in the nDR group.
Among the 9 DR mutants with striking stress phenotypes, two had ppesatymore than one
stress screen. Mutant 34 was sensitive to water stress, ngla&A, salt and sucrose screens.
Though it scored ‘single read’ in the mannitol screen, stremgisvity to mannitol was also
suggested (Figure S3.1). In contrast, it was indistinguishable\WWdnunder temperature stress.
Mutant 167 was particularly responsive to cold stress, showingriblghanotypes in both cold
growth and cold germination screens. Whether it is involved in lhheasgemains to be tested,

as only single reads were obtained in both heat and heat recovery screen.
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Two genes had published phenotypes for their knockdown or knockout mutants, namely,
AT4G13670 (mutant 39) and AT2G31040 (mutant 65). The RNAI line of AT4G13670 was
sensitive to heat stress (30 degree, 5 d) [56], yet its SALK (BALK _096411C) had no
phenotype in our heat screen, perhaps because we used a differetmbrcgBdidegree, 14 d).
Instead, a phenotype (yellow green) similar to one published undenttesst [§6] was detected
in our cold germination screen (Figure S3.2), implying that the protéght be required for
normal chloroplast development under both hot and cold conditions. The snzadlef sautant
65 reported by others (SALK _05729) [57] is not observed in our study, pebeapsse the
reported size difference is not striking. Similarly to mutant 3@tamt 65 was yellow green
under cold stress, possibly due to chloroplast protein synthesisioad[¥%], which might be
aggravated under cold stress.

The two largest functional categories of DR genes wiikiisgy stress phenotypes were
transcription/translation and signaling/stress response. Four oirteofenes were implicated in
transcription or protein synthesis (113, 3 36, 39, 65), including a SET don@®inpra
pseudouridine synthase family protein, PTAC5 (plastid transcriptionaditive 5), and
AtCGL160 (Arabidopsis CONSERVED ONLY IN THE GREEN LINEAGE16[H7]. SET
domain proteins are involved in epigenetic control of transcription [58].0%Ti& a necessary
component for plastid-encoded RNA polymerase (PEP)-dependent transcription @ctress
[56]. Though ATCGL160 is not directly involved in translation, its knockout niutas less
chloroplast protein than WT, presumably due to the reduced translaiencaused by
insufficient ATP [57].

Three of the 9 DR genes with striking stress phenotypes were assogtatsynaling or

stress response, according to their predicted functions. Mutants 3dd 39 35 correspond to a
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phosphoinositide binding protein [59], PTACS5, and a tetratricopeptide répB&) protein,
respectively. Phosphoinositide binding proteins are the effectorslioiSE3)P [60], which plays
important roles in diverse physiological processes, including R@&ugption in response to salt
stress [61]. As mentioned above, PTACS is important for chloroplasiciiation under heat
stress. TPR-containing proteins may participate in hormonelisign&2] or function as co-
chaperones of heat shock proteins [54].

Translation or stress response were also well representedRng8@s with striking
stress phenotypes, with one involved in defense response and the othdAimtRlification
(Table S3.6). In contrast, none of the nDR genes with striking gihesstypes belong to the
two categories (Table S3.6): one is implicated in lipid metabolism and the ®thrékriown.

DR genes with mild stress phenotypes

There were 33 mutants of DR genes with mild phenotypes (scom@d4? in stress
screens. As discussed in the ‘soil growth phenotypes’ section, mutd8t might not be a
knockout and thus was removed from the list of DRs with mild stress phenotype.

Among the remaining 32 mutants, five also revealed striking phenofyyhsding soil
growth phenotypes) in other screens. Mutant 3_35 and 3_36 were senditoth oold growth
and sucrose screens, while mutant 167 was tolerant in these ®emscindicating a positive
correlation between cold growth and sucrose. In addition, two mutaadssoil growth
phenotypes: Mutant 26 had small silver leaves; Mutant 160 was anthljellow green. The
basis for correlation between the soil growth phenotypes and siggesed phenotypes,
sucrose sensitivity for mutant 26 and cold tolerance for mutant 160, was unclear.

Two of the 27 mutants with only mild phenotypes detected (Mutant 6383andhad

phenotypes in multiple screens. Mutant 63 was sensitive to ABA, aand sucrose, and was
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tolerant of cold growth. The corresponding gene is involved in protein roatidin, therefore
may affect a variety of proteins, perhaps accounting for tde vénge of phenotypes. Mutant 83
was ABA tolerant and salt sensitive, consistent with its anooteds a desiccation-induced
protein.

Five of the 27 mutants with only mild phenotypes have published loss-ofdnncti
phenotypes. Two were reported to have cellular biological (CLBhqiipes [17] which were
undetectable under our test conditions. One mannitol sensitive mutaran(Vait) had a
conditional phenotype triggered by hrpA and DC3000 strains [63], suggesanthe protein
might participate in crosstalk between biotic and abiotic stigesling pathways. The other two
genes (AT5G11450; AT4G31770) were reported to cause visible morphologarages [64]
and lethality [65] upon deletion, respectively. The mutants we wsedoth genes (Mutant 78,
SALK_122077C; Mutant 58, SALK _024527C) were different from those with published
phenotypes (Mutant 78, an unknown T-DNA insertion line; Mutant 58, SALK 061118gpser
explaining why we did not observe the same phenotypes. Insteadsttess phenotypes may
reflect the knockdown effect.

None of the 27 genes with only mild phenotypes had functional annotationsataglin
signal transduction or stress response, whereas one of th€Rigy&hes (AT5G62390) with a
mild stress mutant phenotype was implicated in heat/cold/unfoldeeirpresponse. Instead, the
largest category (8/27 genes, 30%) in the mild-phenotype DR groupinkamwn’ (Table S3.7;
empty cells in column ‘protein description’). The high proportion of unknovateprs among
mutants with mild phenotypes was not unique to DR. Three of the four unkBGR proteins

were in the mild-phenotype group (Table S3.7, Table S3.5). Four of six BB&s gvith mild
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phenotypes were unknown (Table S3.7), while unknown proteins compromised %nl(\p/2B)
of the nDR genes with striking or no phenotypes (Table S3.5).

PP comparison between DR and the control groups among stress screens

As can be seen above, some genes have published severe knockout pheviotypes
were absent in our mutants for the same genes. If no PCR probtenred and the published
phenotype was confirmed, the mutants used in our study were theneteddiol be knockdown
(Table S3.9). Consequently, these presumably knockdown phenotypes were ¢hoin use
calculating the PP (phenotype percentage) below.

The percentage of DR HM mutants showing phenotypes (29%) in atdeasstress
screen, hereafter referred to as the overall stress BHowar than SCR (40%), suggesting that
DR HM mutants were not highly involved in water and temperatuesstesponse. On the other
hand, the overall stress PP of DR HM group (29%) is similar t& tiM group (28%),
consistent with their similar copy number (Methods). Relativegh 5CR PP together with
similar DR and nDR PPs were observed for striking phenotypsdd13.3), implying that this
pattern is reliable and is not affected by possible misscoring of mild phesadsguee 2 or 4).

Mutants with phenotypes in two or more stress screens may eapgemnes involved in
crosstalk among different stress signaling pathways. Thergageeof such mutants was lower
in the DR group (5%) than both control groups (SCR, 10%; nDR, 7%) (Ta#3¢. Sherefore,
DR genes were not highly involved in crosstalk between multiplesstesgponse pathways,
compared to other fully conserved singletons.

The percentage of DR HM mutants being sensitive or tolerantomess than SCR HM
mutants in seven stress screens (Table 3.3; Figure 3.6). Due smatiesample size (<30) of

SCR HM SALKs, the differences in PP between DR and SCR graps not statistically
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significant (Table S3.8). Yet, some differences were obvious tlouth iurther testing using a
larger SCR sample. The most striking difference was in colehigation, where the PP of the
SCR group is almost four times as high as that of the DR grbaiplg 3.3). In contrast, DR
mutants were more prone to reveal phenotypes in the sainsthan SCR mutants, none of
which had salt phenotypes. High salt (NaCl) stress induces botHiostness and ion toxicity.
As no mannitol phenotype was found in any of the salt mutants, thesponding genes might
be involved in detoxification or ion homeostasis rather than osmosis.oFigeven DR salt
mutants had no ABA phenotype (Table S3.5), suggesting that these genes tendedpat@an
ABA-independent signaling pathways.

The PP of DR mutants was similar to that of nDR mutants in rocestrss, except for salt
and ABA (Table 3.3; Figure 3.6). Similarly to SCR, there was nonsalént in the nDR group.
The difference of PP between DR and nDR groups in salt andsmiteens was not statistically
significant, due to the small number of nDR genes with HM SA(€390). However, if the SCR
and nDR were combined as a single control group, the difference betWeanddhe control for
salt PP is slightly significant (p value=0.0434, Table S3.8). In thA a@8een, the nDR PP was
higher than the DR PP, implying that DR genes were less invalvA8A-mediated processes
during seed germination and early seedling development: strpssises germination [66], plant
growth or water regulation [67].

There are more sensitive phenotypes (scored 0, 1, or 2) than tglkesmutypes (scored
4 and 5) in all three groups, consistent with a prior study [26].itBe&nBP exceeds tolerant PP
in most screens except for ABA in DR and nDR groups (Tables 3.4,Th&)nDR group has
more ABA tolerant phenotypes than sensitive ones, whereas in thgrddR the numbers of

tolerant and sensitive ABA phenotypes were equal.
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Tolerant DR mutants were found in most screens except heat ne@meesalt, whereas
in the control groups (nDR and SCR) tolerant phenotypes were owgtel@ in ABA and cold
germination screens. Moreover, DR tolerant PPs in ABA, cold grewthsucrose were a bit
higher than in other screens (Table 3.5). For sensitive phenotypdsadRwer PP than both
control groups in cold growth and cold germination screens (Table 3.h4apsereflecting a lack
of positive regulators in response to low, non-freezing temperatures.

DR genes without observed phenotypes

There are 70 DR HM mutants with no observed phenotypes, after excltlteng
knockdown mutants (Table S3.9). Of these 70 DR genes, eight had publishetifloggion
phenotypes that were visible under normal conditions and two were ias$€able S3.10).
Several reasons might explain why we failed to observe the gl@notypes, the major one
being that seven of the ten mutants we screened were différamttihose with reported
phenotypes. Though different mutants should reveal the same phenotype¢sgenes were
truly knocked out, T-DNA insertions are not always able to elirithé target gene product
[68, 69]. As a result, ‘leaky’ products might attenuate or totafsk knockout phenotypes. In
addition, non-striking soil growth phenotypes (eg. Mutant 120, SALK _007870) were not
thoroughly/intentionally screened for in our study (Method). Further,dbtie eight published
phenotypes were about siliques or flowering (Table S3.10), reprodutdiye ghenotypes that
were not covered in our root and stress screens. Finally, PCR prablgynise responsible for
the absence of a phenotype in one mutant (Mutant 111, SALK _093546C). Consequetwiy, the
HM plants were not albino as reported [70]. The ten genes were removed from DR dkoet wi

observed phenotypes.
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The largest functional category in the remaining 60 DR genélsowt observed
phenotypes was ‘unknown proteins’, constituting 28% (17/60) of this DR gsunbsét (Table
S3.11). The percentage was higher than DR genes with phenoB@¥s {3/66) and the
genome-wide average (18%, the percentage of protein-coding genes viitimout protein
domains), but not as high as the mild phenotype DR group (30%; 8/27). TheRfogenes
with unknown function were less likely to show phenotypes than other DBsgand they
tended to have mild, almost undetectable phenotypes. The high percegntag@own proteins
was also observed in nDR genes without observed phenotypes (24%p&t2191 in the SCR
group (8.3%; 1/12) (Table S3.11).

Chloroplast targeting DR genes and their phenotypes

Of the sampled DR genes, 37% (66/179) encode chloroplast-located protsmesviiy
those with SALK lines in WT or OT group (Table 3.1) or likely bekmpckdown, there are 55
chloroplast-targeting DR genes, 42% (23/55) of which had presumable knockowatyples
(Table S3.12). The phenotype percentage of chloroplast-targeting DRvggs&sver than other
DR genes (47%; 43/92), suggesting that DR proteins located in chitramee not more likely
to have knockout phenotypes than other DR proteins.

All four main types of observed phenotypes (PL, soil growth, root aess3 were found
in DR chloroplast proteins, which occurred at a relative low frequency in saitlg{non-lethal)
phenotypes and a relatively high frequency in root phenotypes (Table Mo&over, the
proportion of DR proteins varied among stress screens as well antlighash genes with

sucrose and cold germination phenotypes (Table S3.13).
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DISCUSSION

All being paleo-polyploid, angiosperms serve as an outstanding nod&lutlying fates
of genes after duplication [71]. Among a variety of possible f&@2}s the long-term fixation of
duplicated copies is considered to be rare, non-random and importans B}eAult, it has been
heavily researched and relatively well explained by a numbdrypbtheses [9, 73, 74]. In
contrast, neither the importance nor the cause of persistent samjlestatus is well understood,
though such ‘duplication-resistant’ genes do not occur by chance [6n8itjate and diverse as
the underlying mechanisms of duplication resistance may k@mndins a reasonable assumption
that the biological roles of DR genes in plants hold an importa&aepof the answer. Indeed,
several possible explanations for single-copy preference deoivefeatures of annotated gene
functions [4, 8].

Here we investigated DR genes’ functions from the perspectieepirical phenotypes
revealed by knockout mutants. There are four major phenotype cateigotested DR genes
and control genes, namely, PL (potentially lethal), soil growth, aodt stress, with the latter
three being associated with homozygous (HM) T-DNA insertion ¢§AInes only. Compared
to other single copy genes, DR genes were more prone to causetettsble above-ground
phenotypes upon T-DNA insertion, as was revealed by DR geneg€rhrihand soil growth
PPs. This finding was contrary to observations from published dataset®e other conserved
singletons have higher PP than DR in each and every phenotggerya(Chapter 2). Several
factors could have caused this incongruence. For example, phenotypagefresnot involved
in any previous dataset may elevate DR genes’ PP. Meanwtelesampling of control genes
happened not to cover genes with published phenotypes. No matter how Highritight be in

a gene group, mutants with phenotypes were still a minority. Asuli, e chance of sampling
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the corresponding genes through random selection was low. In additica pbemotypes might
have nothing to do with the target genes, resulting in false expand®ih élurther validation of
these observed phenotypes is important. Nevertheless, our resedt tla¢ possibility that DR
genes might serve more important functions than other fully conserved singletons.

Despite the lack of above-ground phenotypes, the root PPs in control grengosinvilar
to those of DR genes. Six DR mutants had short or long roots campmaseildtype ColO,
constituting about 5% of the DR HM set. The corresponding DR gaagsend to function in
root specific programs, reflected by the lack of other phenatygmes mutant had a soil growth
phenotype and one a stress phenotype. In particular, DR genes freqampehred in root
growth pathways regulated by chloroplast signals, as thrée aix proteins (50%) were located
in the chloroplast. In contrast, DR genes rarely participatetidrportion of the root growth
pathway intertwined with ABA signaling, compared to SCR genes.

DR genes were not highly involved in response to the tested stresgelower overall
stress PP than SCR genes. This result was expected as no publslheace suggested
overrepresentation of stress-related functions for DR genesdinglesving evidence implicates
single-gene duplications as key contributors to stress adaptation,teonsiith the ongoing
availability of this gene class (versus the episodic natuvehofe genome duplications) and the
need for continuous adaptation to environmental fluctuation. Rather thatingedo
environmental stimulus, housekeeping functions seem to be a befimr bR genes, as was
suggested by frequent occurrence of TELO-box and scarcity oAT#OK containing promoters
in the unique genes conserved between Arabidopsis and Oryza [7]. Usdgypbihesis, severe

phenotypes would be a more likely consequence of DR gene T-DNAionseupportive of the
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higher occurrence of soil growth and potentially lethal phenotypesRnnidtants than the
controls.

The relatively low PP of DR genes was seen in almost eu@gssscreen, with the most
striking difference relative to SCR in cold germination. Two S@Rants and three DR mutants
showed cold germination phenotypes. One of the SCR genes was patiogdatsi. Proteins
functioning in both cold and disease responses are not rare [75-77]. Motks®ase resistance
genes have generally high copy numbers and great copy numlsiovaamong species [78],
presumably accounting for their low occurrence in DR genes. Theofagd&fense proteins, in
turn, may contribute to the low cold germination PP in DR genes.

Salt is the only stress for which the PP is higher in thegbiip than the SCR group.
Based on their lack of osmotic stress phenotypes, DR genlessalit phenotypes tend to be
involved in detoxification or ion homeostasis. Similar to DR gemiéls root phenotypes, they
are also more prone to function in ABA-independent pathways. As nphsadotype was found
in the other control group (nDR) as well, the enrichment of satwaat genes may have been
associated with duplication resistance. Yet, as with any othessstsalt stress response is
complicated, including the re-adjustment of numerous biological presd@8], making it
difficult to clarify its correlation with duplication resistanc&n attractive hypothesis is that
these genes form a sub-network of salt signaling, within whichaiign of any member may
disturb overall network function. However, no co-expression or protein ctitenravas detected
among these genes, indicating that they were probably not closely related.

The difference in stress PP between DR and SCR genes wagdeiten comparing
DR with nDR genes. The similar PPs of DR and nDR genes exgrected based on their same

copy numbers in the five plant species (Method). Despite the sisnila their proportions of
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stress mutants, the nDR group has a lower salt PP and highePRBhAan the DR group. In
addition to drought mutants, the application of exogenous ABA could sort odidates for
various other stresses as well. Therefore, the low ABA PPRofgénes further supports the
earlier conclusion that DR genes tend not to react to stress, especially tm@ddated parts.

Moreover, DR genes have a low proportion of positive regulators thsighaling, as
revealed by their much lower sensitive PP in the two cold sctkangoth control groups. Low
temperature might favor survival of polyploid plants, as polyploidizat@mmetimes increased
plant cold tolerance [79]. During subsequent diploidization, it might c@néelective advantage
for cold positive regulators to remain duplicated for a while, k@an®le, favoring survival of
future cold episodes. Therefore, they were less likely to docargene group where the extra
copies were quickly removed.

Of DR stress phenotypes, 25% (9) were striking and 75% (27) wéde Predicted
functions in stress signaling were only found in DR genes witkirggrphenotypes, not in those
with mild phenotypes. Indeed, about a third of DR genes with mildsspphenotypes were of
unknown function. Instead of being involved in the main stress pathwaysphatibtype genes
might have peripheral roles during stress response. On the other tardgh proportion of
unknown functions in the mild phenotype group indicates that unknown genes aretgrone
revealing non-striking knockout phenotypes. Phenotyping methods thatfiiceestly sensitive
to detect mild phenotypes may be important in studying genes of unknown function.

In addition to stress signaling, functions implicated in transonptr translation were
also enriched in striking-stress-phenotype group. The stress phenuigpé derive from
reduction of key stress regulatory factors. Alternatively, Gadbrreduction in protein synthesis

may also make plants more vulnerable to stresses. Other thss gtenotypes, disturbance of
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genes which affect a group of other genes’ production is pronevéalrehenotypes under
normal conditions, as can be seen by their high occurrence in root Amgosdh phenotype
groups. Most of these genes belong to DNA or RNA metabolism, ea®@ory enriched in DR
genes. Therefore, the enrichment of transcription/translatioredetgnes in multiple phenotype
groups indicates that DNA/RNA metabolic DR genes have important functions.

Besides DNA/RNA metabolism, chloroplast is also an overrepres&@ term in DR
genes. Chloroplast-targeting DR genes had a lower overall PP p&296) to other DR genes
(47%; 43/92) in our sample. If chloroplast-located DR proteins weredndgelved in dosage
balance with their chloroplast-genome-encoded interactors, the dmstarb&such balance via
gene knockout is not reflected at the phenotype level. Duplication, athtiehand, might have
a larger perturbing effect. Hence, it would be interestingest mutants where chloroplast-
targeting DR genes were duplicated. In addition, the result mighy itingt the effect of dosage
balance disturbance is subtle and thus would not be visible during a few generations.

The proportion of chloroplast-targeting DR genes is distributed uneaemiyg the four
major phenotype groups, being highest in root and lowest in above-ground ypiesnot
indicating that they tend to regulate a particular part of, rathen broadly affect, plant
growth/development. Similarly, these genes were strongly assdomth particular stresses,
such as sucrose and cold germination. The enrichment of chloroptasirigrgenes in sucrose
mutants was observed in the control groups as well. Being the locakiere sucrose is
produced, the chloroplast is expected to play important roles in susrigsaling. The
correlation between chloroplast-located proteins and cold germinasisumvque in DR: all DR
cold germination mutant genes were chloroplast-targeting, whidee were related to

chloroplasts in either control group. In contrast, chloroplast DR geers not highly
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represented in cold growth mutants, indicating that these genesilaalyicespond to cold stress
occurring before or during germination.

Agreement with published data in our observed phenotypes was found in somoé dlut
genes with published loss-of-function phenotypes. PCR problems, phenotypeonms, and
background T-DNA insertion were among possible reasons, yet tle caajse might be the use
of different mutants. The phenotype of one mutant was frequentiyntaimsanother mutant of
the same gene in published datasets (Chapter 2)(Table S3.14)nogiplgt some transposon or
T-DNA insertional mutants, SALK lines included, are not real kootk Updates on DR
knockout phenotypes will occur with further validation. For example, tiesssphenotype was
merely a knockdown effect, whereas the real knockout mutant has asenvae phenotype.
Nevertheless, a majority of our observations remained true for SALK lindsrutias study.

The observed phenotypes, whether from knockout or knockdown mutant, serve as a
starting point for further investigation of DR genes’ functions, dad added new information
to the known knockout/knockdown phenotypes. As the first thorough screen ofrelatsd
phenotypes for DR mutants, these results depict a rough yetellatomplete picture of their
phenotypic features, some of which appear to be related to duplicagistance. These features
may inspire new ideas for future research, meanwhile takimgpestep closer to demonstrating
DR gene functions as well as clarifying the underlying force(s) fagahuplication resistance.
REFERENCES
1. Bowers JE, Chapman BA, Rong J, Paterson AH: Unravelling angiosgpenome
evolution by phylogenetic analysis of chromosomal duplication evhiatisire 2003, 422:433-

438.

73



2. Edger PP, Pires JC: Gene and genome duplications: the impactagé-dgessitivity on
the fate of nuclear genes. Chromosome Res 2009, 17:699-717.

3. Lynch M: The Evolutionary Fate and Consequences of DuplicatesG8oience 2000,
290:1151-1155.

4. Duarte JM, Wall PK, Edger PP, Landherr LL, Ma H, Pires lléebens-Mack J,
dePamphilis CW: Identification of shared single copy nucleaegen Arabidopsis, Populus,
Vitis and Oryza and their phylogenetic utility across varimx®nomic levels. BMC Evol Biol
2010, 10:61.

5. Han F, Peng Y, Xu L, Xiao P: Identification, characterargtiand utilization of single
copy genes in 29 angiosperm genomes. BMC Genomics 2014, 15:504.

6. Paterson AH, Chapman BA, Kissinger JC, Bowers JE, Feltug&$ti, JC: Many gene
and domain families have convergent fates following independent wkaleme duplication
events in Arabidopsis, Oryza, Saccharomyces and Tetraodon. Trends Genet 2006, 22:597-602.
7. Armisen D, Lecharny A, Aubourg S: Unigue genes in plants: spéesi and conserved
features throughout evolution. BMC Evol Biol 2008, 8:280.

8. De Smet R, Adams KL, Vandepoele K, Van Montagu MC, Maere 8,0éaPeer Y:
Convergent gene loss following gene and genome duplications creakscopy families in
flowering plants. Proc Natl Acad Sci U S A 2013, 110:2898-2903.

9. Birchler JA, Riddle NC, Auger DL, Veitia RA: Dosage ba@ann gene regulation:
biological implications. Trends Genet 2005, 21:219-226.

10. Alonso JM, Stepanova AN, Leisse TJ, Kim CJ, Chen H, Shinn P, Stevei§on D
Zimmerman J, Barajas P, Cheuk R, et al: Genome-wide insertiartaigenesis of Arabidopsis

thaliana. Science 2003, 301:653-657.

74



11. Sessions A, Burke E, Presting G, Aux G, McElver J, Patton OriddieB, Ho P,
Bacwaden J, Ko C, et al: A high-throughput Arabidopsis reversetigersystem. Plant Cell
2002, 14:2985-2994.

12. Rosso MG, Li Y, Strizhov N, Reiss B, Dekker K, Weisshaar BAfabidopsis thaliana
T-DNA mutagenized population (GABI-Kat) for flanking sequenceltaged reverse genetics.
Plant Mol Biol 2003, 53:247-259.

13. Woody ST, Austin-Phillips S, Amasino RM, Krysan PJ: The WisoRsI-DNA
collection: an arabidopsis community resource generated by usingpesved high-throughput
T-DNA sequencing pipeline. Journal of Plant Research 2007, 120:157-165.

14. Feldmann KA: T-DNA Insertion Mutagenesis in Arabidopsis - Momali Spectrum.
Plant Journal 1991, 1:71-82.

15. Kuromori T, Wada T, Kamiya A, Yuguchi M, Yokouchi T, Imura Y, Takbebheakurali
T, Akiyama K, Hirayama T, et al: A trial of phenome analyssg 4000 Ds-insertional mutants
in gene-coding regions of Arabidopsis. Plant Journal 2006, 47:640-651.

16. Hanada K, Kuromori T, Myouga F, Toyoda T, Li WH, Shinozaki K: Evohary
persistence of functional compensation by duplicate genes in Aralid@enome Biol Evol
2009, 1:409-414.

17. Lloyd J, Meinke D: A comprehensive dataset of genes with aofdssiction mutant
phenotype in Arabidopsis. Plant Physiology 2012, 158:1115-1129.

18. Jogaiah S, Govind SR, Tran LS: Systems biology-based approachesd towa
understanding drought tolerance in food crops. Crit Rev Biotechnol 2013, 33:23-39.

19. Gupta B, Huang B: Mechanism of salinity tolerance in plantssiplogical,

biochemical, and molecular characterization. Int J Genomics 2014, 2014:701596.

75



20. Yadav SK: Cold stress tolerance mechanisms in plants. A revigronomy for
Sustainable Development 2010, 30:515-527.

21. Juan JX, Yu XH, Jiang XM, Gao Z, Zhang Y, Li W, Duan YD, Yand\@obacterium-
mediated transformation of tomato with the ICE1 transcription fagene. Genetics and
Molecular Research 2015, 14:597-608.

22. Zeng W, Brutus A, Kremer JM, Withers JC, Gao X, Jones AD,Heé\3)enetic screen
reveals Arabidopsis stomatal and/or apoplastic defenses againgtoP®mas syringae pv.
tomato DC3000. PLoS Pathog 2011, 7:€1002291.

23. Quesada V, Ponce MR, Micol JL: Genetic analysis of salatgiemutants in
Arabidopsis thaliana. Genetics 2000, 154:421-436.

24. Koiwa H, Bressan RA, Hasegawa PM: Identification of planésstresponsive
determinants in arabidopsis by large-scale forward genetierscrd Exp Bot 2006, 57:1119-
1128.

25. Arenas-Huertero F, Arroyo A, Zhou L, Sheen J, Leon P: Analygisatidopsis glucose
insensitive mutants, gin5 and gin6, reveals a central role of tim Iptamone ABA in the
regulation of plant vegetative development by sugar. Genes Dev 2000, 14:2085-2096.

26. Song LH, Hegie A, Suzuki N, Shulaev E, Luo XZ, Cenariu D, Ma V, Kabir§ J,
Gunay MB, et al: Linking genes of unknown function with abiotic strespanses by high-
throughput phenotype screening. Physiologia Plantarum 2013, 148:322-333.

27. Warren G, McKown R, Marin A, Teutonico R: Isolation of mutatiorfeciihg the
development of freezing tolerance in Arabidopsis thaliana (L.) Heyiaht Physiology 1996,

111:1011-1019.

76



28. Zhu JK: Salt and drought stress signal transduction in plants. AanRIBnt Biol 2002,
53:247-273.

29. Shinozaki K, Yamaguchi-Shinozaki K: Gene networks involved in droughts stres
response and tolerance. J Exp Bot 2007, 58:221-227.

30. Rolland F, Moore B, Sheen J: Sugar sensing and signaling in. jptéans Cell 2002, 14
Suppl:S185-205.

31. Miura K, Furumoto T: Cold signaling and cold response in plants. IndlJSM 2013,
14:5312-5337.

32. Saidi Y, Finka A, Goloubinoff P: Heat perception and signalling in plants: a topatus
to thermotolerance. New Phytol 2011, 190:556-565.

33. Tang H, Bowers JE, Wang X, Ming R, Alam M, Paterson AH: Syrdéea collinearity
in plant genomes. Science 2008, 320:486-488.

34. Tang H, Wang X, Bowers JE, Ming R, Alam M, Paterson AH: Utrayeancient
hexaploidy through multiply-aligned angiosperm gene maps. Genome Res 2008, 18:1944-1954.
35. Rogers SO, Bendich AJ: Extraction of DNA from plant tissuesPlémt molecular
biology manual. Springer; 1989: 73-83

36. Murashige T, Skoog F: A revised medium for rapid growth and bigsagstn tobacco
tissue cultures. Physiologia Plantarum 1962, 15:473-497.

37. Myouga F, Akiyama K, Tomonaga Y, Kato A, Sato Y, Kobayashi M, MagaSakurai
T, Shinozaki K: The Chloroplast Function Database Il: a comprehengilecton of
homozygous mutants and their phenotypic/genotypic traits for nucleagleshcchloroplast

proteins. Plant Cell Physiol 2013, 54:e2.

77



38.  Wilson-Sanchez D, Rubio-Diaz S, Munoz-Viana R, Perez-Perez JM;Q3i\& Ponce
MR, Micol JL: Leaf phenomics: a systematic reverse genstieen for Arabidopsis leaf
mutants. Plant Journal 2014.

39. Qiao JW, Li J, Chu W, Luo MZ: PRDA1, a Novel Chloroplast Nucleomtdsr, is
Required for Early Chloroplast Development and is Involved in the Begalof Plastid Gene
Expression in Arabidopsis (vol 54, pg 2071, 2013). Plant and Cell Physiology 2014, 55:467-467.
40. Quettier AL, Shaw E, Eastmond PJ: SUGAR-DEPENDENT6 encadagochondrial
flavin adenine dinucleotide-dependent glycerol-3-p dehydrogenase, whichqusred for
glycerol catabolism and post germinative seedling growth in Aogisis. Plant Physiology
2008, 148:519-528.

41. Shimada H, Ohno R, Shibata M, Ikegami I, Onai K, Ohto MA, Takaidi Inactivation
and deficiency of core proteins of photosystems | and Il causeermstical phylloquinone and
plastoquinone deficiency but retained lamellar structure in a T-DiNAant of Arabidopsis.
Plant Journal 2005, 41:627-637.

42. Myouga F, Akiyama K, Motohashi R, Kuromori T, Ito T, lizumi H, RyuRuiSakurai T,
Shinozaki K: The Chloroplast Function Database: a large-scalectomtieof Arabidopsis
Ds/Spm- or T-DNA-tagged homozygous lines for nuclear-encoded chloroplast pratelitisei
systematic phenotype analysis. Plant Journal 2010, 61:529-542.

43. Tzafrir I, Pena-Muralla R, Dickerman A, Berg M, Rogers RtcHens S, Sweeney TC,
McElver J, Aux G, Patton D, Meinke D: Identification of genegjured for embryo

development in Arabidopsis. Plant Physiology 2004, 135:1206-1220.

78



44. Tzafrir I, McElver JA, Liu Cm CM, Yang LJ, Wu JQ, Martinaz Patton DA, Meinke
DW: Diversity of TITAN functions in Arabidopsis seed developmemanPPhysiology 2002,
128:38-51.

45. DiDonato RJ, Arbuckle E, Buker S, Sheets J, Tobar J, Totong Rfi®jdank GR,
Celenza JL: Arabidopsis ALF4 encodes a nuclear-localized protgimired for lateral root
formation. Plant Journal 2004, 37:340-353.

46. Chen JG, Pandey S, Huang JR, Alonso JM, Ecker JR, Assmann SM, JWnéCR1
can act independently of heterotrimeric G-protein in response tosifwateroids and
gibberellins in Arabidopsis seed germination. Plant Physiology 2004, 135:907-915.

47. Kim YJ, Zheng B, Yu Y, Won SY, Mo B, Chen X: The role of Mediatosmall and
long noncoding RNA production in Arabidopsis thaliana. Embo Journal 2011, 30:814-822.
48. Overvoorde P, Fukaki H, Beeckman T: Auxin control of root developr@ehd Spring
Harb Perspect Biol 2010, 2:a001537.

49. Garay-Arroyo A, De La Paz Sanchez M, Garcia-Ponce B, AadejtAlvarez-Buylla
ER: Hormone symphony during root growth and development. Dev Dyn 2012, 241:1867-1885.
50. Luo XJ, Chen ZZ, Gao JP, Gong ZZ: Abscisic acid inhibits root grawArabidopsis
through ethylene biosynthesis. Plant Journal 2014, 79:44-55.

51. Rodrigues A, Santiago J, Rubio S, Saez A, Osmont KS, Gadea keHag]JtRodriguez
PL: The short-rooted phenotype of the brevis radix mutant pafilgcte root abscisic acid
hypersensitivity. Plant Physiology 2009, 149:1917-1928.

52. Hamma T, Ferre-D'Amare AR: Pseudouridine synthases. Chem Biol 28064,25-

1135.

79



53. Wang P, Duan W, Takabayashi A, Endo T, Shikanai T, Ye JY, Mi HlLor@blhstic
NAD(P)H dehydrogenase in tobacco leaves functions in allewiati oxidative damage caused
by temperature stress. Plant Physiology 2006, 141:465-474.

54. Prasad BD, Goel S, Krishna P: In silico identification of carladeyclamp type
tetratricopeptide repeat proteins in Arabidopsis and rice as putatvehaperones of
Hsp90/Hsp70. PLoS One 2010, 5:e12761.

55. Manolaridis I, Kulkarni K, Dodd RB, Ogasawara S, Zhang Z, Biney®'Reilly N,
Hanrahan SJ, Thompson AJ, Cronin N, et al: Mechanism of farnebsy@#A\X protein
processing by the intramembrane protease Rcel. Nature 2013, 504:301-305.

56. Zhong L, Zhou W, Wang H, Ding S, Lu Q, Wen X, Peng L, Zhang LC1Ghloroplast
small heat shock protein HSP21 interacts with plastid nucleoid prpieAC5 and is essential
for chloroplast development in Arabidopsis under heat stress. Plant Cell 2013, 25:2925-2943.
57. Ruhle T, Razeghi JA, Vamvaka E, Viola S, Gandini C, Kleine T, SclamerD,
Barbato R, Jahns P, Leister D: The Arabidopsis protein CONSBRYELY IN THE GREEN
LINEAGE160 promotes the assembly of the membranous part of the chlstrédiP synthase.
Plant Physiology 2014, 165:207-226.

58. Baumbusch LO, Thorstensen T, Krauss V, Fischer A, Naumann K, Ass&kiSminulz
I, Reuter G, Aalen RB: The Arabidopsis thaliana genome contaifeasit 29 active genes
encoding SET domain proteins that can be assigned to four evolutiocanggrved classes.
Nucleic Acids Res 2001, 29:4319-4333.

59. Jensen RB, La Cour T, Albrethsen J, Nielsen M, Skriver K: FYiR&fmger proteins in
the plant model Arabidopsis thaliana: identification of Ptdins3P-bingisglues by comparison

of classic and variant FYVE domains. Biochem J 2001, 359:165-173.

80



60. Wywial E, Singh SM: Identification and structural chagdzation of FYVE domain-
containing proteins of Arabidopsis thaliana. Bmc Plant Biology 2010, 10:157.

61. Leshem Y, Seri L, Levine A: Induction of phosphatidylinositol 3-kirmaediated
endocytosis by salt stress leads to intracellular productioeaative oxygen species and salt
tolerance. Plant Journal 2007, 51:185-197.

62. Schapire AL, Valpuesta V, Botella MA: TPR Proteins in Plamnkbne Signaling. Plant
Signal Behav 2006, 1:229-230.

63. De-La-Pena C, Rangel-Cano A, Alvarez-Venegas R: Regulatiorsedisgi-responsive
genes mediated by epigenetic factors: interaction of Arabid®ss&isdomonas. Mol Plant Pathol
2012, 13:388-398.

64. Roose JL, Frankel LK, Bricker TM: Developmental defects utamts of the PsbP
domain protein 5 in Arabidopsis thaliana. PLoS One 2011, 6:28624.

65. Wang H, Hill K, Perry SE: An Arabidopsis RNA lariat debranghemzyme is essential
for embryogenesis. Journal of Biological Chemistry 2004, 279:1468-1473.

66. Nakashima K, Yamaguchi-Shinozaki K: ABA signaling in stresponse and seed
development. Plant Cell Rep 2013, 32:959-970.

67. Raghavendra AS, Gonugunta VK, Christmann A, Grill E: ABA pergeptnd
signalling. Trends Plant Sci 2010, 15:395-401.

68. Wang YH: How effective is T-DNA insertional mutagenesigrabidopsis? Journal of
Biochemical Technology 2008, 1:11-20.

69. Rodriguez-Milla MA, Salinas J: Prefoldins 3 and 5 play annéisseole in Arabidopsis

tolerance to salt stress. Mol Plant 2009, 2:526-534.

81



70. Mudd EA, Sullivan S, Gisby MF, Mironov A, Kwon CS, Chung WI, Day ALlZ5 kDa
RNase E/G-like protein is present in plastids and is essdati@hloroplast development and
autotrophic growth in Arabidopsis. J Exp Bot 2008, 59:2597-2610.

71. Wang Y, Wang X, Paterson AH: Genome and gene duplications and geassen
divergence: a view from plants. Ann N Y Acad Sci 2012, 1256:1-14.

72. Zhang J: Evolution by gene duplication: an update. Trends in ecologglétien 2003,
18:292-298.

73. Conant GC, Wolfe KH: Turning a hobby into a job: How duplicated génédsnew
functions. Nature Reviews Genetics 2008, 9:938-950.

74. Freeling M: Bias in plant gene content following differentssoftduplication: tandem,
whole-genome, segmental, or by transposition. Annu Rev Plant Biol 2009, 60:433-453.

75. Yang HB, Shi YT, Liu JY, Guo L, Zhang XY, Yang SH: A mutantS3Hprotein with
TIR-NB-LRR-LIM domains modulates growth, cell death and fregzitolerance in a
temperature-dependent manner in Arabidopsis. Plant Journal 2010, 63:283-296.

76. Yeh S, Moffatt BA, Griffith M, Xiong F, Yang DS, Wiseman SErhan F, Danyluk J,
Xue YQ, Hew CL, et al: Chitinase genes responsive to cold encafleerd proteins in winter
cereals. Plant Physiology 2000, 124:1251-1264.

77. Seo PJ, Kim MJ, Park JY, Kim SY, Jeon J, Lee YH, Kim J, PBIk@lId activation of
a plasma membrane-tethered NAC transcription factor indupathagen resistance response in
Arabidopsis. Plant Journal 2010, 61:661-671.

78. Zhang RZ, Murat F, Pont C, Langin T, Salse J: Paleo-evolutignassicity of plant

disease resistance genes. BMC Genomics 2014, 15.

82



79. te Beest M, Le Roux JJ, Richardson DM, Brysting AK, Suda J, Kubaed, Pysek P:
The more the better? The role of polyploidy in facilitating pleamvasions. Ann Bot 2012,

109:19-45.

83



Table 3.1 Number of DR, nDR and SCR SALK lines in each genotype group.

Group HM PL WT oT Total
DR 130 21 29 1 181
nDR 30 3 3 1 37
SCR 24 3 3 2 32
Sum 184 27 35 4 250
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Table 3.2 Soil growth phenotypes of DR HM SALK lines.

Category Number of mutants Phenotypes

flowering 1 early flowering

pigment 4 yellow green; dark green

leaf 3 silver leaves; small leaves; fewer trichomes
lethal 5 small, dying seedlings

seg 3 about 1/4 seedlings were abnormal
multiple 1 small, late flowering, reduced fertility

seed 1 abnormal seed
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Table 3.3 Stress-related phenotype percentage for HM SALK liGedédgro’ stands ‘cold
growth’. ‘Heatrec’ stands for ‘Heat recovery’. ‘Coldger’rstig for ‘cold germination’. ‘Overall’

stands for ‘overall stress phenotype percentage’. ‘Striking’ stands f&irigtphenotype’.

Group ABA  Mannitol Salt Sucrose Heat Heatrec Coldgro Coldger Overall Striking

SCR 10% 5% 0% 10% 5% 5% 15% 11% 40% 10%
nDR 10% 3% 0% 7% 0% 0% 10% 4% 28% 7%
DR 6% 3% 6% 9% 2% 0% 8% 3% 29% 7%
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Table 3.4 Percentage of mutants with sensitive phenotypes.

Group ABA  Mannitol Salt Sucrose Heat Heatrec Coldgro Coldger

SCR 10% 5% 0% 10% 5% 5% 10% 11%
nDR 3% 3% 0% 7% 0% 0% 10% 4%
DR 3% 2% 6% 6% 2% 0% 5% 2%

87



Table 3.5 Percentage of mutants with tolerant phenotypes.

Group ABA  Mannitol Salt

Sucrose Heat

Heatrec Coldgro Coldger

SCR 0% 0% 0% 0% 0% 0% 5% 0%
nDR 7% 0% 0% 0% 0% 0% 0% 0%
DR 3% 1% 0% 2% 1% 0% 3% 1%
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Table 3.6 Percentage of chloroplast-targeting genes in DR phengtgpps. CT in the table
stands for chloroplast-targeting. Mutant 99 was put into PL groupachsté soil growth

phenotype group. Mutant 135 was put into PL group.

Phenotype category = Gene number Number of CT genes Percentage of @dnes

PL 17 6 35%
soil growth 11 3 27%
root 6 3 50%
stress 34 11 32%

89



Figure 3.1 Phenotypes of SALK lines without HM kkoat plant(s). The red arrows points to

empty spaces (a), small seeds (b), and small/dgedlings (c,d).
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Figure 3.2 Segregating phenotypes for PL lines in stress scofieefts mutant 45 in sucrose
screen; middle, mutant 56 in mannitol screen; right, mutant 56 in 8@&en) The numbers

represents SALK lines, which can be found in Table S3.2.
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Figure 3.3 Phenotypes of the HM SALK lines. (a) kat trichomes; (b) early flowering; (c,d)

small.
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Figure 3.4 nDR HM segregating phenotypes. a. Mué&nin ABA b. Mutant 1_19 in heat c, d.
Mutant 3_34 in sucrose. The numbers represent Skids, which can be found in Table S3.2.

WT represents wild type Col 0.
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Figure 3.5 DR HM segregating phenotypes. a. Muggntn ABA; b. Mutant 177 in ABA, c.
Mutant 96 in cold growth; d. Mutants 137 (left) ah85 (right) in root screen. The numbers

represent SALK lines, which can be found in TalB3e&2SWT represents wild type Col 0.
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CHAPTER 4
DUPLICATION AND OVEREXPRESSION OF DUPLICATION-RESISTANGENES: A

GLIMPSE INTO POTENTIAL OUTCOMES

Chengbo Zhou, Kenneth Feldmann, Kathryn Millward and Andrew H. Paterson. To be submitted

to Physiologia Plantarum.
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ABSTRACT

In contrast to the highly duplicated nature of plant genomes, ‘duplcegsistant’ (DR)
genes have been recurrently restored to low dosage follondependent genome duplications
in various species. Their low copy status, representing a highly biasedtéatgene duplication,
implies that one copy of these genes is necessary for maintamapgr fithess but that multiple
copies are less beneficial than single copies, or even deletelongplementing a screen for
knockout (KO) phenotypes that focused on the necessity of DR genes, ayphesesrch was
conducted on genotypes with DR genes artificially duplicated or owesesed, to examine the
consequences of having multiple copies of these genes. Speciffoahidopsis addition (AD)
lines each containing an extra copy of a target gene to mgaiee duplication, and
overexpression (OE) lines with DR genes downstream of 35S pramiteamplify gene
expression, were phenotyped in a similar manner as KO mutantsb$besred AD phenotypes
show DR genes to be more prone than other single copy genes wheratddptm cause
phenotypes, all under stress conditions and most being mild. Yet, ADEpti€éhotypes of DR
genes are not always negative, as stress tolerant phenotypesedcat an almost equal
frequency as sensitive ones. Seedling phenotypes, absent in AD laredpund in OE lines at
a higher percentage than KO mutants. Genes with both OE and KO plesotpnstituting
approximately a third of the OE sample, are considered dosageiveensiius, dosage
sensitivity may be one major cause of duplication resistances yett prevalent in organelle-
targeting genes and those with a lethal KO phenotype. These olmesvatrease knowledge of
duplication resistance and its intricate nature. The plant resoareated in this study warrant
further investigation and will certainly benefit continuing efftartunderstand both duplication

resistance and plant gene function generally.
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INTRODUCTION

The fates of duplicated genes are an important part of gene andegewolution [1]. To
retain or purge a copy of each newly duplicated gene pair canamemormous collective
impact on genome biology and evolution, especially following whole gerdupgcation in
which tens of thousands of genes are duplicated simultaneously. Wirelalsgene functional
groups are preferentially preserved in duplicate [2-7] and compige multigene families,
Most gene functional groups show post-duplication gene preservation/liess theat are
indistinguishable from the genome-wide average. Such ‘neutral’ dbsduplicated genes
presumably involves inactivating mutations opposed by very wealtisal¢8], although active
mechanisms of gene elimination have also been suggested [9].

A small group of ‘duplication-resistant’ (DR) genes [10] have beenrrently restored
to low dosage following independent duplication events in taxa as divergent asfigaess,and
yeast. The existence of DR genes is most renowned in angiogmeromes, all of which
experienced one or more whole genome duplications (WGDs) [11] and ousmanall scale
duplications (SSDs) [12]. Thanks to the richness of ancient duplicatemts, various groups of
plant DR genes have been identified based mainly on their copy muaneng several plant
species, and their features described [13-15]. While some commorefeafuthese different
gene sets have been discerned (Chapter 3), a clear explaatigalication resistance is not yet
evident.

The defining characteristic of restoring low gene dosage, adxsernv divergent plant
genomes with varying evolutionary rates, suggests that duplicapeels of DR genes disappear
relatively rapidly. Sequence divergence due to fast evolution [1&]saquence erosion by

accumulated mutations [17] are among causes of duplicate gene re@iveal that DR genes
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are widely conserved, they are presumably slow-evolving [15], makeagibre likely scenario
that duplicated copies were silenced and the non-functional sequenceerdege within a

relatively short period. Therefore, it is reasonable to assbatetheir duplication may lead to
some negative effect that was selected against.

It is not rare that gene duplication reduces fitness of an orgaBisveral severe human
diseases are a direct consequence of gene duplication, for exahiegtcMarie-Tooth (CMT),
Parkinsons and Alzheimers diseases [18]. Such gene duplication-eesbonigtations, on the
other hand, have been rarely reported in plants, perhaps becauseeplameg are relatively
tolerant to duplications, which occur frequently at various scalesdiural causes. In
Arabidopsis, where transgenic techniques are well developed, one iGiaialgrt‘duplicate’ a
chosen gene by transforming a copy into the genome. The resu#timggenic ‘addition (AD)
lines’ (detailed in ‘Materials and Methods’), allow visualizatiohdirect outcomes from DR
gene duplication, and thus may aid in the interpretation of duplication resistance.

For disorders resulting from gene duplication, the dosage increaseially the cause
[19-21]. The normal function of a protein complex, regulatory network thwasy may depend
on a proper relative dosage of each member to others, and the duplafaine member would
disturb the dosage balance [22]. Further, elevated protein amountsragreause problems. A
high concentration of certain proteins may trigger the formationggfegates [18, 23] or
encourage non-specific binding to other proteins, preventing themseledsers from fulfilling
their duties. Therefore, increasing gene expression levensidered an alternative strategy to
evaluate duplication effects.

Overexpression (OE) lines, in which target genes are constiyutiverexpressed by the

CaMV 35S promoter (detailed in ‘Materials and Methods’), were miadeexamine the
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consequences of dosage increase for DR genes. The expressiaorelav@Ek lines is expected
to be more striking than that of gene duplication, thus may magnity Afd phenotypes and
render them visible. For genes that are not constitutively and ubidyitexjsressed, ectopic
expression may also occur, yet is likely not to mask the overeskpnesffect in most OE lines,
as was implied by the similar phenotypes induced by 35S promote358henhancer [24-30]
(which theoretically does not alter the endogenous expression pattern [31]).

As a powerful tool in gene functional study, OE lines will contriliatéhe interpretation
of duplication resistance. Being an important variable in affecigutionary fate after gene
duplication, gene function holds an irreplaceable piece toward sdlvenguzzle of persistent
single copy gene dosage. Overexpression (OE) phenotypes, in nsasyop@osite the knockout
(KO) phenotype of the same gene [25, 27, 32, 33], reflect gene furstif® phenotypes do.
For example, an early flowering KO phenotype may correspond tdeafl@avering OE
phenotype, reconfirming the protein’s presumed role in flowering tiomtrol. Besides being a
nice complement to KO phenotypes, OE lines would also shed light onoclusmaif genes
without KO phenotypes or lacking homozygous KO mutants [30].

In order to test the effect of duplication or expression increadeR genes, and also to
continue their functional investigation following our previous KO mutamdys{Chapter 3), we
made AD and OE lines for 11 and 64 DR candidates whose SALK lines were involvedd the
phenotype study, respectively. These lines, together with tham&DOE lines of some control
genes, were screened for their root and stress-response phemstyypme KO mutants (Chapter
3). ‘Soil growth phenotypes’, were also noted while growing AD org@édlings on soil under
normal conditions. The phenotypic features of DR genes, compared to nonABR agel KO

mutants, were described.
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MATERIALS AND METHODS
Target genes for AD and OE mutants

The initial Arabidopsis DR gene list contains strict singlet@®Ss), which are single
copy in five plant speciesAfabidopsis thaliana, Carica papaya, Populus trichocarpa, Vitis
vinifera, and Oryza sativa), and protein domain (PD) genes, which are single copy in
Arabidopsis thaliana and Oryza sativa and have protein functional (Pfam) domains that are
significantly enriched in singletons [34].

The initial DR candidates conserved in at least 15 of the 16 ger(dhaeghot esculenta,
Ricinus communis, Populus trichocarpa, Medicago truncatula, Glycine max, Cucumis sativus,
Prunus persica, Arabidopsis thalianalArabidopsis lyrata, Carica papaya, Citrus sinensis|Citrus
clementina, Eucalyptus grandis, Vitis vinifera, Mimulus guttatus, Aquilegia coerulea, Sorghum
bicolor|Setaria italica|Oryza sativa|Brachypodium distachyon, Zea mays, where average counts
were taken for two arabidopsis, four diploid grass, and two citruh, tive exception that the
count cannot be zero as long as one lineage is nonzero) were aahsiskefinal DR candidates
(Table S3.1). From 179 final DR candidates with their SALK linesrediéTable S3.2), 11 and
64 genes were randomly selected for making addition (AD) and ovessxpn (OE) lines,
respectively (Table M4.1; Table M4.2).

The initial DR candidates conserved in less than 15 of the 16 genanesneiuded in
the control group and named ‘nDR’. The control group also contains siogierandom (SCR)
genes, which are Arabidopsis singletons but not all single cofneinther four specie€érica
papaya, Populus trichocarpa, Vitis vinifera, and Oryza sativa). From the 36 nDR and 29 SCR

genes with their SALK lines ordered, AD lines were createdl#4 genes and OE lines were
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made for four genes (Table M4.1; Table M4.2). As the number of contnesga AD and OE
mutants was small, SCR and nDR genes were considered a single control grewupohst®.
Creating AD and OE lines

Both OE and AD lines were transgenic. OE transgenic constrygptessed full length
cDNA under the cauliflower mosaic virus 35S promoter. AD transgemistaucts contained the
genomic region of a target gene including the 1kb upstream and 500mstoEam flanking
sequences, to attempt to capture their endogenous promoters and pesgsilli®ry sequence
downstream, respectively. The maximum length of flanking seqeeweee included in AD
constructs for genes located less than 1kb away from their upstreighboring genes and/or
less than 500nt from their downstream neighboring genes. If a @ggethas a distance less
than 1kb from its upstream gene or less than 500bp from its downgjezas, the non-coding
region flanking the gene was included as much as possible.

Genomic DNA was extracted using the Promega Wizard genoi# furification Kkit;
colonies containing the BAC and cDNA were ordered from ABRC. BX(A was extracted
following David Mark’s protocol in Molecular Cloning 3rd edition [35], whid®NA was
extracted by the Qiagen QIAprep Spin Miniprep Kit.

Upon proper dilution (typically 1:1000), DNA was amplified by PCR, usiiadara’s
PrimeSTAR HS DNA polymerase to avoid errors during amplificatiThe PCR product was
cleaned (Qiagen Qiaquick PCR Purification kit), and the size cHleokean agarose gel.
Adenine (A) overhangs were added to the cleaned PCR product wigictcaize. PCR products
with A overhangs were integrated into a Gateway entry vékteitrogen pCR8/GW/TOPO TA

Cloning kit), which was then transformed into one shot competent E. coli cells.
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After patching on selective LB plates, plasmid DNA was exchérom each patch and
digested with proper restriction enzymes. DNA from the patahi{th desired insertion was
extracted (Qiagen QIlAprep Spin Miniprep Kit) and sequenced. Foy etones without a
mismatch, a LR clonase reaction was performed with the destinegctor (pEarleyGate 100 for
OE constructs, and pEarleyGate 301 for AD constructs). The product was tradsiaiorte.coli.
DNA was extracted from desired clones using the procedure described in theatamgraph.

The border sequence of the destination vector was sequenced. The destination vector wit
the correct border sequence was transferred into GV3103 Agrohatthriough electroporation.
Colonies with successful transformation was identified by Cold¥.Prhe confirmed colony is
ready for Arabidopsis transformation.

Arabidopsis transformation method is modified from US patent 6353155
(http://patents.com/us-6353155.html). For each transgenic construct, 50mtH.Bw600 >2.0
was diluted with 100ml of 6% sucrose solution to reach an OD600 betweend018 Silwet-
L77 (0.03%) was added to the diluted LB solution as a surfactant. Aboutle eblution was
poured into a large weigh boat, in which we dipped the inflorescencelothasen Arabidopsis
plant for ten seconds. Dipped plants were laid horizontally in adhatred by a clear plastic
dome, kept in dark at room temperature overnight, then moved to a growth chamber.

Seeds harvested from the dipped plants were germinated on plat@singn0 ug/ml
kanamycin antibiotics. Resistant seedlings were transferrediltarsl their seeds collected at
maturation.

Phenotyping
ABA, mannitol, salt, sucrose, heat, heat recovery, cold growth andscoe¢ns were

done on AD and OE lines. Seeds were sterilized by 50% clorox solutioffmton X-100 (two
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drops per 100ml solution) for 8 minutes, and then rinsed three timestwiitle water. Sterilized
seeds were planted on 0.5xMS (Murashige and Skoog) medium with iggtise in heat, heat
recovery, cold growth and root screens. MS medium (5g/L sucrose, 32¢N-
morpholino)ethanesulfonic acid (MES)) supplemented withNM.5ABA and 375mM mannitol
was applied in ABA and mannitol screens, respectively. For sades, MS medium (5g/L
sucrose) was supplemented with 125mM NaCl, and for sucrose screeangt@n contained
300mM sucrose.

Six lines or five lines with control (wildtype Col0) were plathiger square plate (15 x
100 x 100mm), and each line occupied one column of the bottom 6x6 grid. In each line about 10-
15 seeds were planted evenly on the surface of the medium raightsline parallel to one side
of a plate.

After planting seeds, plates were put in a growth chamber \aitldlatd growth condition
(22°C, 100 pEinsteins light intensity and 16:8 hr light:dark cycle¢@xfor root, heat and heat
recovery plates. Root plates were placed at 4°C for 3 days befioig Hept vertical under
standard growth condition, and heat/heat recovery plates were pu4itCagrowth chamber.
After 7 days, heat recovery plates were moved to the 22°C growthbelhaand cold growth
plates were moved to a 10°C growth chamber.

Plates were photographed after 4 weeks (for the first roundredrss on AD lines), or
every week for 2 to 4 weeks starting at the 14th day after péaniihe process from seed
planting to the last photographing was referred as one Timd. photographs were visually
assessed, and one phenotype score was assigned to each mutanplate pased on plant size
or root length (in root screen). Plants smaller than the contm wonsidered sensitive, while

plants bigger than the control were thought as tolerant. In mess,cthe score is an integer
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ranging from 0O to 5, with O representing ‘no germination’, 1 for ‘\s&gsitive’, 2 for ‘somewhat
sensitive’, 3 for ‘normal’, 4 for ‘somewhat tolerant’, and 5 for ‘véojerant’. In root screens,
scores represented the root length, with 1 being ‘short’, 2 beigtlglshort’, 3 being normal,
4 being ‘slightly long’, and 5 being ‘long’. When only a few (<50%lividuals within a line
showed phenotypes, the score ‘seqg’ (for segregating) was assigned.

For each line, average of scores at different time pointscalaslated. The average, in
combination of the frequency of score ‘3’, was used to generai& adore, which would be 1
(average<2.5 and no ‘3’), 2 (average<2.5 and one ‘3’), X @/Brage<3.5), 4 (average>3.5 and
one ‘3’), and 5 (average>3.5 and no ‘3’). The trial scores were comtmnzdate a final score,
if two trials were done. Similar scores were interpretedrascrease in the level of confidence
with which sensitivity or tolerance was inferred. For example, nfiutant was assigned score 2
in both trials, then the final score would be 1. In contrast, distansttores were interpreted as a
decrease in the level of confidence with which sensitivity ordal@ was inferred. For example,
if a mutant was 1 in one trial and 3 in the other, the final seordd be 2. If there was only one
score for a line, that score was ‘single read’, which wasmasidered valid result. In OE lines,
the photographs of heat screen were missing and there weseglé ‘reads’ in heat recovery
screen. Therefore, no results were displayed for the two screens on OE lines.

RESULTS
AD phenotypes

No soil growth phenotype was found in the AD lines of DR or controégelm the root
screen, one DR AD line (A3 _11) segregated for seeds failing mmimgge. A3 11 also
segregated for this phenotype in every other screen, suggekhghe non-germination

phenotype is not specific to root or any stress but likely to &giblgiunder normal conditions.

105



Seeds which did not germinate were hard to detect in soil whejpatynaf the population was
normal, perhaps contributing to its lack of soil growth phenotype. IrtiaddA3 11 seedlings
were larger in the heat recovery screen and smaller in suagnoseold growth screens (Figure
4.1) compared to WT, presumably reflecting stress-triggered aspectplo¢itstype.

In four of the seven stress screens, namely, salt, sucrose, neatoll growth,
photographs were available for only one trial, in which a single saaf@eedlings for each line
was evaluated once per week for up to four weeks. Consequently, the vestdtconsidered
preliminary. The number of phenotypes in these four screens weeealhgrhigher than the
other three (ABA, mannitol, and heat recovery) (Table 4.1), possibé to false-positive
phenotypes. Nevertheless, the DR group also has more AD lines shgivasg phenotype(s)
than non-DR group in screens with two trials (Table 4.1), indicating that dupha#tDR genes
is more likely to change phenotype under stress conditions than othervednsangle copy
genes.

In all three stress screens with two trials, the numbers ohi#d3 with phenotypes were
higher in DR than control, where no phenotype was detected (Table Hré¢ DR genes had a
phenotype in their AD lines, two being striking. In addition to A3_11, Al 48 walightly
sensitive in ABA screen and A2_4 was tolerant in heat recosagen (Figure 4.1). A1 49
corresponded to a knockout phenotype, being dwarf with curled leakeseag no phenotype
was detected in KO3_11 (SALK_076441C) and KO2_4 (SALK_027781C). Two of theDRree
genes (1_49 and 2_4) had a predicted function related to transcripticanslation, a major
functional category in DR KO mutants revealing striking stigsenotypes, with one involved in

RNA modification and the other being a transcription regulator. rEngaining gene (3_11),

106



whose AD phenotype (non-germination) might not be stress-triggeresl, awaucleoside
triphosphate hydrolase.

The greater number of DR AD lines than controls with phenotypesalsasevident in
screens with only one trial, except heat and cold (Table 4.1) wherBR phenotype number
was similar to or less than the control. This observation is ¢ensiwith the conclusion from
analysis of KO lines (Chapter 3) that DR genes are not highiylved in temperature stress
response. Consistency with KO analysis was also found in sadinsénewhich the phenotype
number was highest in DR AD lines (Table 4.1), further supportingspieeial correlation
between salt response and duplication resistance (Chapter 3).

Unlike DR KO phenotypes, a majority of which were sensitive @&b4; Table3.5), the
numbers of tolerant and sensitive DR AD phenotypes (non-segregatireggdivwdiar (Table 4.2).
In the control group, there were even more tolerant AD phenotypes taitivee AD
phenotypes (Table 4.2). Collectively, the available data suggésaédadding an extra copy
might often confer stress tolerance for Arabidopsis single gepgs that are conserved in other
species.

As was seen in A1_49, AD and KO phenotypes (ABA sensitivity vs.deabrmality)
were not necessarily connected in a direct manner. Yet for émesg AD phenotypes were
similar to knockout or knockdown phenotypes. In the DR group, both AD and KO satfant
AT3G17670 were sensitive to sucrose, indicating a possible role ofgdne in sugar
metabolism. In the control group, the AD and a presumed knockdown mutaitlGf50170
(SALK_086731C, which is viable while the null mutant of the gene shouldtbal) were both
slightly tolerant to cold stress, suggesting its involvemenbld tesponse in addition to being

essential for plant survival [36].
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OE phenotypes

There are only four control genes with OE lines, making itadiff to discern patterns
differentiating these from DR genes. Therefore in thisi@@ctve focused on describing the
phenotypes exhibited by DR OE lines with a brief mention of non-DR OE phenotypes.

While no soil growth phenotype was found in the four non-DR OE linaspft¢he 64
DR OE lines had soil growth phenotypes revealed by 25% or morg séddlings (Table 4.3).
Similar to KO mutants with soil growth phenotypes, most (sewérthe ten OE lines were
‘small’ (Table 4.3). Four of the small OE lines had no other mutamigiiyges, making ‘small’
the main category of OE soil growth phenotypes. The other eqaaljg tategory is ‘fertility’,
containing four OE lines with either reduced or no fertility. Tamaining two OE lines had
‘flowering’ and ‘leaf’ phenotypes, respectively.

Five of the ten OE lines corresponded to genes with observed or puliisbaadut or
knockdown phenotypes (Table S4.1), among which one was similar to the @& ypee The
knockdown mutant of AT3G17590 (BSH for ‘bushy’, a subunit of the SWI/SNF @
sterile [37], and its overexpression line (OE6) has reducedtiertfNimong the other four genes
with different KO and OE phenotypes, two proteins (NDHO and ASYH are also
components of protein complexes, and the other two are involved in the®mrlahsfer chains
of chloroplast and mitochondrion respectively (Table S4.1).

Despite the relatively high above ground phenotype percentage (PRyotirRP (3%) of
DR OE lines and DR KO mutants (5%) were both low. The OE root pyymtvere mild and
not associated with any OE soil growth phenotype. Unlike KO raatamts, half of which
involved chloroplast-targeting genes (Chapter 3), neither of the t&olis with root

phenotypes corresponded to chloroplast-located proteins. OE3 36, with dbglgtlyoots, had
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slightly short roots in its corresponding KO mutant (SALK_090814C) ddit@n to root
phenotypes, stress phenotypes were also found in KO3_36 (SALK 090814C) an860Ehe
other OE root mutant, OE141, did not have any phenotype observed in its @t.nMNa root
phenotypes were detected in non-DR OE lines.

All OE stress phenotypes were mild (scored ‘2’ or ‘4’) in DiRl aon-DR genes. The
overall DR OE stress PP, defined as the percentage of OEshoasng a phenotype in at least
one stress screen (45%; 29/64), was much higher than the over&ODstress PP (29%). A
high stress PP was also found in the non-DR group, where three aiuthinés had a stress
phenotype. About 51% (19/37) of DR OE stress phenotypes were toletareas in DR KO
mutants the tolerant phenotypes constituted of all observed stresstypes (Chapter 3).
Similarly to KO mutants, DR OE stress PPs varied amongdreens and the cold growth PP
was the highest (Table 4.4).

Four DR OE lines had both stress and soil growth phenotypes (peeetrabéo). The
remaining 25 DR genes with only OE stress phenotypes had a varietpsefved KO
phenotypes, including one in ‘root’, five in ‘stress’, four in ‘soil gtowSG)’, and two in
‘potentially lethal (PL)’ (Table S4.2). Among DR genes with sdreelated OE and KO
phenotypes, none had a predicted function directly pointing to stressirgignastead, three
were unknown and two were related to transcription or translatiaaten (Table S4.3). OE
and KO phenotypes were similar for two DR genes (AT1G01920 and AT1G62250@9 and
KO79 (SALK_060683C) were sensitive in the salt screen, and OE100 antOOKO
(SALK_065936) were sensitive in the cold growth screen. In conth@sgther three DR genes

showed OE and KO phenotypes in different stress screens, sugdlestitigey might participate
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in multiple stresses’ pathways or processes that were notlgirelated to stress but weakened
plant in general once disturbed.

Removing those with OE soil growth phenotypes (penetrance>=25%)wbeze29 DR
genes with no observed OE phenotype. Fourteen of the 29 DR genes had dolb&erve
phenotypes, half of which were PL and the other half stresede(d@iable 4.5; Table S4.4).
Compared to genes with observed OE phenotypes, the proportion of KO PLypesnotas
higher in genes without observed OE phenotypes, while the proportion o$od@rowth
phenotypes was much lower (Table 4.5). This observation also held trylbbshed KO
phenotype data (Table 4.5), indicating that the severity of KO phesstyps not positively
correlated with the likelihood of having OE phenotypes in DR genes.

AD phenotypes seemed to be more similar to OE phenotypes than KGtyges of the
same genes. AD and OE phenotypes appeared in the same stesssnstoer of the five genes
(AT2G20980, AT1G56345, AT1G63980, AT1G50170) for which phenotypes were detected in
both AD and OE lines, while only two genes showed KO and OE phenatyfes same stress
screen. Interestingly, OE phenotypes were not severe versions @hambtypes in the four
genes. Both AD and OE phenotypes were slightly tolerant (sé9ra two genes, while the AD
phenotype was slightly tolerant and OE phenotype was slightBitse (score ‘2’) in the other
two genes.

DISCUSSION

The persistent single copy status of some genes, herein callegi#R, has long been
puzzling to evolutionary biologists. To unveil the basis of duplicationsteeste, which
represents important mechanisms for gene and genome evolution, a thorougtandoey of

DR genes’ function will be extremely helpful, if not absolutagcessary [13] (Chapter 3).
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Among the various approaches for gene function analysis, we prgviousktigated knockout
(KO) mutants, the phenotype screens of which constituted the initial phase ofeaucihesn DR
genes. In the present stage, Arabidopsis AD and OE lines wereamagiédenotyped, to further
advance functional investigation and test empirically whether d@Res confer a fitness
reduction when present in more than one copy or expressed at eevghThe phenotypic
features of these lines, as summarized and explained below, sheligimewn this unique
population of plant genes and their choice to stay single.

No soil growth phenotype was observed in DR AD lines, indicatiag éxtra copies of
these genes generally do not confer a drastic change. Thisgfiimdis expected, because given
that hundreds of DR genes exist, if the duplication of most DR gessested in visible
morphological alternation, the newborn polyploid species would die quicklyealhs the
duplication effect is more likely to be mild, compatible with ourewlation, or take numerous
generations to accumulate to a detectable level. The mildt effean extra copy may be more
visible on population level than on individual plant. For example, duplicafi@nDR gene may
confer disadvantage in competition with other plants, causing continuowsaskedn frequency
of plants with the duplicated gene in a population. These possibilitied loeuésted by methods
designed for revealing subtle phenotypes or by multigeneratsbndy that has been used in
knockout mutants [38].

More AD phenotypes were found in DR genes than in other singlegeam®s, consistent
with the expectation that duplication of DR genes is more liteelgffect phenotype than non-
DR singletons. Interestingly, some DR AD lines showed mild sttekerance. Most mild
tolerant phenotypes came from stress screens with only on¢hislineeding further validation.

However, the appearance of a striking tolerant phenotype (A2_4) in suchllassample implies
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that the duplication of some DR genes may indeed confer stresanimd. Much further testing
is needed to determine if a mild degree of stress toleranperficially seeming to be a potential
fithess advantage, translates into increased or decreased overall seed onghongmitigating
stresses in unfavorable environments sometimes do more harm than googkintal
environments, where their consistent activation may compromise nognoalth and
reproduction. Indeed, increased expression of stress tolerance gemegmasported to cause
reduced stature or fitness [39, 40]. Such adverse effects, thougtppeéndividually mild, may
add on one another and be intensified in a genome duplication event.

Similar to the findings from our KO phenotype study, genes thatafiagt transcription
or translation dominated the promising stress-response candidatései@mtAD or OE lines.
Among the two genes with striking AD stress phenotypes, one is ivaiv®NA or RNA
metabolism and the other is annotated as a transcription regulédougm no OE stress
phenotype is striking, five genes with both OE and KO stress phmgstiiave known
annotations (RNA modification and SET domain protein) related todmatisn or translation.
Therefore, in this broad functional category of DR genes, someserve as good targets for
molecular breeding of crops with improved stress tolerance.

Seedling phenotypes with greater than or equal to 25% penetrance occurred in ten DR O
lines, making the phenotype percentage (15.6%) higher than that of DR®{Nhes (9.2%).
Though ‘small’ remains a main feature for these OE lines, gimgmt phenotype was detected,
despite the fact that five of the ten proteins are located inogiést. In combination with
previous results (Chapter 3), chloroplast-targeting DR genes nehdto cause pigment
abnormality in either KO or OE lines. Instead, they affectadda range of processes including

root or leaf development, stress response and reproduction. On the ottheifdrélity’ was a
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large subgroup of OE soil growth phenotypes, containing four @4 Mith reduced fertility.
Little or no fertility, found in 30% of 1262 activation-tagging limesealing a phenotype [41],
seems to be one of the major outcomes of Arabidopsis gene ovesaxpraferefore, whether
DR genes are more prone to fertility (and fitness) reductiom tbther genes upon
overexpression remains unknown, requiring testing of more OE control genes.

Genes possessing both OE and KO phenotypes, compromising about onettier®Bf
gene sample with OE lines, show behavior that is consistentdeghge sensitivity. For this
fraction of DR genes, dosage sensitivity may have contributed itopdesistent single copy
status, as gene removal and gene duplication are associated with closage. Three of the
five dosage sensitive proteins (BSH, NDHO and ATVPS11) with OEgsowth phenotypes
were components of protein complex (Table S4.1). Moreover, most (six of DRegenes
encoding subunits of protein complexes are dosage sensitive (Table s#pdrting what
would be predicted from the dosage balance hypothesis [42]. In contigsd, gmall proportion
(28%; 10/36) of chloroplast or mitochondrion targeting DR genes are dosagjgvee(Table
S4.6), a finding not compatible with the notion that they are in dobatgmce with their
organelle genome-encoded partners [14, 23]. Although the test sarapialisthe frequency of
AD phenotypes seems to be lower in organelle-targeting DR g&@8s; (3/6) than other
sampled DR genes (80%; 4/5), suggesting that neither dosage incoeagene duplication in
this DR subset is prone to cause immediate harm. Instead, the long isiena@xof a duplicated
copy may be problematic. For example, mutations accumulatedeoregjulatory or coding
sequence of either copy may interrupt the normal functioning gbdtievay in which the gene

participated.
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The respective effects of knockout and overexpression are neithiar ior opposite in
most cases. Genes with OE soil growth phenotypes have various KO phenotypes, itichs#ing
detectable only on biochemical level, stress sensitivity andligti{Table S4.1). Likewise, a
wide range of KO phenotypes were found in genes with OE gthesotypes. Different KO and
OE phenotypes of the same gene occurred in non-DR genes asswggesting that such
incongruity is a general phenomenon rather than a feature sgeddR genes. The chance of
showing OE phenotypes differs among genes in distinct KO phenotype gatliigesmpled DR
genes with soil growth KO phenotypes have OE phenotypes, while ominarity of DR
samples with potentially or confirmed lethal KO mutants causectible phenotypes when
overexpressed. Therefore, mechanisms other than dosage sensitivibe mesponsible for the
duplication resistance of essential DR genes. For examplefuhetions, representing perhaps
the most fundamental metabolic steps, might be unable to splitubfanstions and lack the
potential to evolve novelty, rendering the duplicated copies useless.

A few genes had OE and KO phenotypes observed in the sama, salaéing their
functions to root growth, fertility, or a particular stress. The ojpg@osot phenotypes in OE3_36
and KO3 36 suggested that root growth was promoted by the overexpresgida@56345
and retarded at its knockout. Being a pseudouridine synthase, AT1G5634posiayely
regulate the translation of genes that induce root growth. Of the ganes where the KO and
OE phenotypes were similar, one (AT_3G17590) was implicated in stoietrigmthe
disturbance of which by knockout and overexpression may affect the macess thus exert
similar phenotypic effect [18]. Given the intricacy of stresgnaling network, however,
perturbation on different functional pathways can lead to the gdu@meotype. The expression

profile may be distinctive in the KO and OE lines of AT1G01920, a 8&main protein, yet
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some of the transcriptional changes in both lines may lead teesditivity. The correlation of
AT1G62250's function with cold response, on the other hand, serves asrg $aint to study
this unknown gene. Collectively, these OE phenotypes helped to point oatroww down a
realm of possibilities that future functional studies could focus on.

In addition to providing insights on duplication resistance and geneidaondhe
abundance of AD and OE phenotypes shows these lines to be practiEah tookstigating the
effects of duplication and overexpression of DR genes. Application oar@Eespecially AD
lines in a larger gene sample is expected to reveal piaeotypes, which may help to validate
the previous findings and lead to new discoveries. Further, analgsistban phenotype screens
could be done using available AD or OE plants. Through evaluatingxpeession of key
growth or stress signaling regulators in some promising,liwesmight be able to connect DR
genes with known pathways, thus providing more clarity on their imxt The possible
consequence of having a mutation-bearing duplicated copy can be vdusal&eplants
transformed with artificially mutated AD constructs. AD or @Bnstructs could also be
transformed into other plant species, for extensive functional stutfR genes. Together, the
plant and phenotype resources described here, along with the transgastoucts, will
contribute to future investigation in related research areas.
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Table 4.1 Number of AD lines with phenotype(s). Heatrec standéat recovery’. Coldgro

stands for ‘cold growth'.

Screens with two trials Screens with one trial

ABA  Mannitol Heatrec Root Overall! | Salt Sucrose Heat Coldgro Overall2 | Overall®

DR 2 1 2 1 3 4 3 1 2 6 7
Control 0 0 0 0 0 1 1 2 2 5 5

1. Number of AD lines with phenotype in at least one of the ABA, ntalnihieat recovery and

root screens; the number remains the same without the root screen.

2. Number of AD lines with phenotype in at least one of the saltpse, heat and cold growth
screens.

3. Number of AD lines with phenotype in at least one of the eigbessr the number remains

the same without root screen.
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Table 4.2 Number of sensitive, tolerant, and segregating pheno8g@estive phenotypes are

with score 0, 1 or 2. Tolerant phenotypes are with score 4 or 5. Seg stands for ‘segregati

Screens with two trials Screens with one trial
Sensitive Tolerant Seg Total' | Sensitive Tolerant Seg Total? | Total®
DR 1 1 4 6 3 4 2 9 15
Control 0 0 0 0 1 5 0 6 6

1. The sum of 'sensitive’, 'tolerant’ and 'seg' in screens with two txalsdmg root screen).

2. The sum of 'sensitive’, 'tolerant’ and 'seg’ in screens with one trial.

3. The sum of 'sensitive’, 'tolerant’ and 'seqg’ in all stress screens.
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Table 4.3 Soil growth phenotypes of DR OE lines. Penetrancesetquéthe percentage of T1

plants showing a phenotype.

Mutant_ID Gene Penetrance Category Description

OE2 AT1G74880 25% small small

OEG6 AT3G17590 73% fertility Reduced fertility

OE46 AT3G09580 50% small small

OEA49 AT5G48440 42% small small

OE66 AT2G05170 67% fertility ~ small and purple; no seeds
OE120 AT2G43400 75% flowering large, late flowering
OE122 AT2G46060 75% small very small

OE128 AT3G09210 >90% fertility ~ small, sterile
OE161 AT4G30840 25% fertility small, sterile
OE162 ATAG31460 >50% leaf wavy and curled leaves
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Table 4.4 Total number of DR OE lines and phenotype percentageshistesgs screen. Total

number of OE lines is the number of OE lines with a valid phenotygre.sColdgro stands for

‘cold growth’.

ABA Mannitol Salt Sucrose Coldgro
Total number of OE lines 61 61 61 62 63
Phenotype percentage 7% 0% 16% 15% 22%
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Table 4.5 Proportions of genes with KO phenotypes in OE lines with @ahduvphenotypes.
Observed KO phenotypes are from our previous KO phenotype screen (CjafiReblished
KO phenotypes are from Lloyd and Meinke’'s dataset [1] and othaicptions regarding to

specific genes. ESN stands for essential. MRP stands for morphologtedea [1])

Published KO
OE lines Observed KO phenotypes ohenotypet
PL Soil growth Root  Stress ESN MRP
with phenotype | 0.06 0.11 0.06 0.17 0.06 0.23
without
0.21 0.00 0.00 0.21 0.14 0.07
phenotype

1. Lloyd J, Meinke D: A comprehensive dataset of genes with aofessmction mutant

phenotype in Arabidopsis. Plant Physiology 2012, 158:1115-1129.
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A3_6 A3_8 A3_9 A3_11A3_14A3_15 A2_1 A2_3 A2_4 A3_1 WT A3_2

Figure 4.1 Phenotypes of AD lines. Left figure skoWB_11 in cold growth screen. Right figure

shows A2_4 in heat recovery screen.
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CHAPTER 5
CONCLUSION

In this study, stress and root phenotype screens were conducted ayetioggpes of DR
genes, namely, knockout mutant (KO), addition (AD) and overexpressionli(eg) in order to
better understand DR gene functions and to investigate their dupliGatd dosage increase
effects. The KO and AD lines of some randomly selected non-R2Ridwopsis single copy genes
were also screened for phenotypes, as controls.

A variety of phenotypes, including seedling phenotypes under noonditions, were
found in KO mutants (SALK lines) of DR genes. Of the intendedessreincluding drought
(ABA, mannitol), salt, sucrose, heat, heat recovery, cold growtll, geimination, and root
screens, KO mutant phenotypes were detected in all but one (beatmg. Plants grown on
soil for genotyping and fresh seed production also exhibited various ppesoBor SALK lines
with T-DNA insertion but no HM plant detected, two thirds had phenotgpggesting lethality.
Accordingly, our observed KO phenotypes were divided into four maggoaes: stress, root,
soil growth, and potentially lethal (PL).

The percentage of mutant lines showing phenotypes, referred torasygeepercentage
(PP), is used to compare the KO phenotypes of DR genes and codtrbke what public
datasets suggested, our direct observations find DR genes to have pegbentages of
potentially lethal and soil growth phenotypes than other singleton§’ (® Chapter 1).
Therefore, it is possible that DR genes are relativelyenmaportant to Arabidopsis than other

singletons.
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The stress PP of DR genes is lower than the primary control ¢86R), and similar to
a supplemental control group (nDR), suggesting that DR genes areghbt mvolved in
response to the tested stresses. Rather than reacting to environnmantalBR genes may tend
to have housekeeping functions, the disturbance of which might cause pesnotyre severe
than those visible only under stress conditions. This hypothesis is subporténigher
proportions of PL and soil growth phenotypes in DR genes than othé&tsimsy Alternatively,
DR genes’ KO mutants might be more responsive to stresseag&I8A damage, such as UV
light andy-ray, which would be an intriguing screen to pursue in further study.

Compared to the control group, DR genes had lower proportions of ABA add col
sensitive phenotypes, suggesting less involvement in ABA-mediaieeshs signaling and lack of
cold positive regulators. In contrast, salt phenotypes were only foun® igedes, and did not
co-occur with mannitol phenotypes, indicating that DR genes tefusth¢tion in response to the
non-osmotic component of salinity stress. IT is not yet clear iiow, these phenotypic features
may be related to duplication resistance.

DR genes that may affect transcription or translation of othersgdne example,
transcription regulator or those involved in DNA or RNA metabolismd, dadigh knockout PP.
Chloroplast —targeting DR genes, on the other hand, were sligttliidely to have phenotypes
upon knockout than other DR genes. Chloroplast-targeting DR genespooded to various
KO phenotypes, and occurred at a high frequency in phenotype categohesssoot, sucrose
and cold germination.

It is expected that some of our observed phenotypes were diffesenpfrblished loss-
of-function phenotypes of the same genes, whose root or stress phemo&ypast have been

previously screened for. Inconsistency between observed and publishedypbsrfor some
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genes may come from non-target T-DNA insertions, or knockdown mutantdich the more
severe published phenotypes were absent. As the published phenotypasuaéyeconfirmed
by expression analysis, different alleles or complementatyregants used in our study were
likely to be knockdown. Therefore, further validation of our observed phenotypesessary,
though the observed phenotypes should remain true for the SALK lines used in this study.

AD lines, made by transforming the cloned genomic region of tigettgenes into ColO
Arabidopsis, were used to attempt to visualize gene duplicaticcteffBue to the small number
of genes with AD lines and the similar sample sizes of DR lamaantrol, phenotype number,
defined as the number of mutants with phenotypes, was used to conipateeAotypes of DR
and control genes. DR genes have a higher phenotype number than comsolirgicating that
DR genes are more likely to cause a visible change upon duplication than othéorsengle

No soil growth phenotype was detected in AD lines, suggesting thatfdéoe @ gene
duplication is normally weak. Striking stress phenotypes of AD |limeduding one stress
tolerance phenotype, were found in the DR group but not in the control group. The appeéran
stress tolerance phenotypes in such a small sample of DR A® wae intriguing from a
practical standpoint and indicates that duplication of some DR gergslead to better
vegetative growth under stress conditions, but whether their duplicatioovespreproductive
performance remains unknown.

OE lines, in which the transgenic constructs contain cDNAs undeotiteol of the 35S
promoter, were expected to reveal the consequences of large gage dusease. Soil growth
phenotypes were found in DR OE lines at a higher frequency thak@Hknes, with the main
features being small stature and reduced fertility. bfatfenes with OE soil growth phenotypes

had no KO phenotype, suggesting that OE lines would be useful in funcsiongl of genes
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without KO phenotypes. The other half of genes with OE soil growth pye®torrespond to
various KO phenotypes that are not limited to seedling alternatieftesting different OE and
KO effects of the same DR genes. Indeed, genes with OE glresstypes have a wide range of
KO phenotypes as well.

About a third of DR genes with OE lines have both KO and OE phenotyysating
that some DR genes are dosage sensitive. Dosage sensitiyihaneacontributed to duplication
resistance, as gene removal and duplication are accompaniessdéyedchange. Such dosage
sensitivity at the phenotype level was found in genes that atecfed to be dosage sensitive.
Most DR genes encoding components of protein complexes revealed pesnotyheir KO and
OE lines, while the proportion of chloroplast-targeting DR gemiés KO and OE phenotypes
was slightly lower than one third.

Validation of associations between phenotypes and the intended geneattiuplior
overexpression is an important next step. AD and OE phenotypes malyvags be caused by
duplication and overexpression, respectively. For example, the transgastructs may be
located in other genes, revealing KO phenotypes that are unrelatssl terget genes. Or, co-
supression may have happened, reducing gene product. Though no evidence thajgbsise
situations occurred frequently, some of the observed phenotypes wiitalsig be proved
artifactual during the validation process.

Nevertheless, the abundant AD and OE phenotypes suggest that DRcgenesave
immediate, visible duplication and overexpression outcomes, which mag beportant next
step in understanding the basis of duplication resistance. In additi@taited examination of
AD/OE lines with phenotypes, such lines could be created for moes ger studied in various

ways. In summary, our results mark one step toward better unmakngtaof DR genes’
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biological functions, and accordingly toward the basis of singpgralosage regulation. The
trends observed in this study provide several worthwhile futurerodséaections, and show

that more exciting discoveries can be made using the largely unexplored nolleation.
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ADDITIONAL FILES
Additional table S2.1-S2.3
Table S2.1 GO percentage in each subset of single copy gened @hgenes.The numbers of

genes with certain GO terms in each subset and in whole genome were obtainBdlfRom

GO groups and categories GO percentage in each subset and whole genowi&)*
GO Biological Process DR SD LSS OT OT-F OoT-P WG
cell organization and biogenesis 18% 28% 2% 18% 24% 1. 15%
developmental processes 12% 21% 4% 17% 19% 1. 14%
DNA or RNA metabolism 9% 9% 0% 6% 9% 3% 3%
electron transport or energy

pathways 4% 4% 0% 4% 5% 4% 3%
other biological processes 6% 11% 2% 11% 14% 9¢ 15%
other cellular processes 52% 70% 7% 50% 60% 3¢ 52%
other metabolic processes 46% 55% 5% 45% 57% 3 50%
protein metabolism 13% 36% 1% 16% 20% 10¢ 19%
response to abiotic or biotic

stimulus 10% 21% 2% 12% 16% 7% 15%
response to stress 13% 23% 3% 12% 15% 8 17%
signal transduction 3% 9% 1% 3% 5% 3% 8%
transcription,DNA-dependent 7% 9% 1% 7% 9% 6% 11%
transport 9% 19% 2% 12% 16% 10% 14%
unknown biological processes 45%  30% 64% 45% 31% 5¢ 26%
GO Cellular Component DR SD LSS OT OT-F OoT-P WG
cell wall 0% 0% 0% 1% 1% 0% 3%
chloroplast 29% 19% 3% 25% 31% 18% 15%
cytosol 5% 17% 0% 8% 11% 4% 7%
ER 3% 6% 0% 3% 4% 2% 3%
extracellular 4% 4% 7% 3% 3% 5% 10%
Golgi apparatus 2% 6% 0% 2% 4% 2% 4%
mitochondria 14% 11% 40% 16% 14% 229 12%
nucleus 33% 38% 14% 38% 40% 36% 35%
other cellular components 2% 4% 0% 3% 6% 29 5%
other cytoplasmic components 27% 40% 2% 27% 38% 1¢ 27%
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other intracellular components 25% 36% 1% 26% 38% 1¢ 21%

other membranes 14% 28% 3% 14% 20% 12 18%
plasma membrane 4% 9% 2% 5% 7% 49 12%
plastid 12% 13% 0% 10% 14% 7% 6%
ribosome 1% 2% 0% 2% 2% 2% 2%
unknown cellular components 6% 0% 15% 5% 3% 7% 6%
GO Molecular Function DR SD LSS OT OT-F OT-P WG
DNA or RNA binding 8% 4% 1% 5% 9% 3% 14%
hydrolase activity 8% 17% 0% 7% 10% 4% 12%
kinase activity 1% 2% 0% 2% 2% 1% 5%
nucleic acid binding 3% 4% 0% 2% 2% 1% 5%
nucleotide binding 3% 9% 0% 4% 7% 2% 10%
other binding 8% 13% 1% 10% 18% 6% 26%
other enzyme activity 11% 19% 0% 11% 13% 5% 10%
other molecular functions 2% 2% 1% 2% 2% 2% 3%
protein binding 6% 11% 1% 9% 13% 7% 11%
receptor binding or activity 0% 0% 1% 0% 0% 1% 1%
structural molecule activity 1% 4% 0% 2% 2% 2% 2%
transcription factor activity 1% 0% 0% 1% 1% 1% 6%
transferase activity 7% 15% 0% 8% 12% 3% 12%
transporter activity 1% 6% 0% 3% 3% 2% 5%
unknown molecular functions 49% 28% 67% 48% 31% 62 25%

*GO percentage=the number of genes with certain GO term/total number of gene
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Table S2.250 percentage fold of change comparisoihe GO percentages are in Table S2.1.

Bold numbers indicate relatively large fold of change.

GO groups and categories GO percentage fold of change compared to whole genome level*
GO Biological Process DR SD LSS oT OT-F OT-P
cell organization and biogenesis 0.2 0.9 -0.9 0.2 0.6 -0.1
developmental processes 0.1 0.5 -0.7 0.2 0.3 -0.1
DNA or RNA metabolism 1.6 1.5 -0.9 0.8 1.7 0.0
electron transport or energy pathways 0.5 0.6 -0.9 0.7 0.9 0.6
other biological processes -0.6 -0.3 -0.9 -0.3 -0.1 -0.4
other cellular processes 0.0 0.3 -0.9 0.0 0.1 -0.3
other metabolic processes -0.1 0.1 -0.9 -0.1 0.2 -0.3
protein metabolism -0.3 0.9 -0.9 -0.1 0.1 -0.5
response to abiotic or biotic stimulus -0.3 0.4 -0.9 -0.2 0.0 -0.5
response to stress -0.2 0.4 -0.8 -0.2 -0.1 -0.5
signal transduction -0.7 0.0 -0.8 -0.6 -0.4 -0.6
transcription,DNA-dependent -0.4 -0.2 -0.9 -0.4 -0.2 -0.5
transport -0.3 0.4 -0.9 -0.1 0.1 -0.3
unknown biological processes 0.7 0.1 15 0.7 0.2 1.1
GO Cellular Component DR SD LSS oT OT-F OT-P
cell wall -0.9 -1.0 -0.9 -0.8 -0.6 -1.0
chloroplast 1.0 0.3 -0.8 0.7 1.1 0.2
cytosol -0.3 15 -1.0 0.2 0.6 -0.5
ER 0.0 1.2 -0.9 0.1 0.5 -0.3
extracellular -0.6 -0.6 -0.3 -0.7 -0.7 -0.5
Golgi apparatus -0.4 0.6 -1.0 -0.4 -0.1 -0.6
mitochondria 0.2 -0.1 2.5 0.4 0.2 0.9
nucleus 0.0 0.1 -0.6 0.1 0.2 0.0
other cellular components -0.6 -0.2 -0.9 -0.5 0.2 -0.6
other cytoplasmic components 0.0 0.5 -0.9 0.0 0.4 -0.3
other intracellular components 0.2 0.7 -0.9 0.2 0.8 -0.2
other membranes -0.2 0.6 -0.9 -0.2 0.1 -0.3
plasma membrane -0.7 -0.3 -0.9 -0.6 -0.5 -0.7
plastid 1.2 1.3 -0.9 0.9 15 0.3
ribosome -0.5 0.2 -1.0 -0.2 0.1 0.0
unknown cellular components 0.1 -1.0 1.5 -0.2 -0.5 0.1
GO Molecular Function DR SD LSS oT OT-F oT-P
DNA or RNA binding 04 07 -1.0 -0.6 -0.4 -0.8
hydrolase activity -0.3 0.5 -1.0 -0.4 -0.1 -0.7
kinase activity 09 06 -1.0 -0.7 -0.5 -0.9
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nucleic acid binding -0.4 -0.2 -1.0 -0.6 -0.7 -0.8

nucleotide binding -0.7 -0.1 -1.0 -0.5 -0.2 -0.8
other binding -0.7 -0.5 -1.0 -0.6 -0.3 -0.8
other enzyme activity 0.1 0.9 -1.0 0.1 0.2 -0.5
other molecular functions 0.4 -0.3 -0.8 -0.4 -0.4 -0.5
protein binding -0.4 0.0 -0.9 -0.2 0.2 -0.4
receptor binding or activity -0.7 -1.0 0.4 -0.4 -0.7 0.0
structural molecule activity -0.5 1.2 -0.8 0.0 0.0 -0.2
transcription factor activity -0.8 -1.0 -1.0 -0.8 -0.9 -0.8
transferase activity -0.4 0.3 -1.0 -0.4 0.1 -0.7
transporter activity -0.8 0.3 -1.0 -0.4 -0.3 -0.5
unknown molecular functions 0.9 0.1 1.7 0.9 0.2 1.5

*Fold of change = (GO percentage of subset-GO percentage of whawenggGO percentage

of whole genome
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Table S2.3 Number of sampled genes, genes with knockout pbé&pes and phenotype

percentage in the three dataset®P stands for phenotype percentage.

4000DS Hanada Lloyd and Meinke
Subsets Total Total'! Phenotype PP Total! Phenotype2 PP Total! Phenotype? PP  Average PP
LSS 1669 58 0 0.0% 60 0 0.0% 1669 6 0.4% 0.1%
OoT-P 790 54 0 0.0% 69 5 7.2% 790 56 7.1% 4.8%
OT-F 1221 142 11 7.7% 172 24 14.0% 1221 229 18.8% 13.5%
oT 2011 196 11 5.6% 241 29 12.0% 2011 285 14.2% 10.6%
DR 409 46 2 4.3% 63 6 9.5% 409 49 12.0% 8.6%
SD 47 7 0 0.0% 8 2 25.0% 47 11 23.4% 16.1%

1. Total number of sampled genes (in each subset) in a dataset.

2. Number of mutants with phenotypes.
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Additional table S3.1-S3.14
Table S3.1 DR, nDR and SCR candidatedDR and nDR genes listed here include those

without SALK lines. SS stands for ‘strict singleton’. PD stands for ‘protein doma

Gene Group  Subgroup Gene Group  Subgroup Gene Group  Subgroup
AT1G01760 DR SS AT3G52860 DR SS AT4G19350 nDR SS
AT1G01920 DR PD AT3G52905 DR SS AT5G42760 nDR SS
AT1G01930 DR SS AT3G56210 DR SS AT5G63290 nDR PD
AT1G02870 DR SS AT3G56290 DR SS AT3G14910 nDR SS
AT1G03760 DR SS,PD AT3G56510 DR SS AT1G76060 nDR PD
AT1G04130 DR PD AT3G56570 DR PD AT3G19220 nDR SS
AT1G04985 DR SS AT3G56820 DR SS AT4G01880 nDR SS
AT1G05060 DR SS AT3G56840 DR PD AT1G75200 nDR PD
AT1G06510 DR SS AT3G58470 DR SS AT3G09850 nDR PD
AT1G07130 DR SS AT3G59490 DR SS AT3G02220 nDR SS
AT1G07645 DR SS AT3G59650 DR SS AT2G43640 nDR SS
AT1G07970 DR SS AT3G60850 DR SS AT5G58220 nDR SS
AT1G08030 DR SS AT3G61080 DR SS AT2G29530 nDR PD
AT1G08710 DR SS AT3G62140 DR SS AT5G48240 nDR SS
AT1G09010 DR SS AT3G62370 DR SS AT2G36885 nDR SS
AT1G10030 DR SS AT3G62810 DR PD AT1G01710 nDR SS
AT1G10830 DR SS AT4G00560 DR SS AT2G01640 nDR SS
AT1G12370 DR SS AT4G02110 DR PD AT4G16444 nDR SS
AT1G12650 DR SS AT4G03200 DR SS AT1G26180 nDR SS
AT1G12790 DR SS AT4G06676 DR SS AT5G51545 nDR SS
AT1G13990 DR SS AT4G10090 DR SS AT5G05560 nDR SS
AT1G14345 DR SS AT4G11980 DR SS AT5G27390 nDR SS
AT1G14620 DR SS AT4G13330 DR SS AT1G68080 nDR SS
AT1G15980 DR SS AT4G13670 DR SS AT2G01590 nDR SS
AT1G16970 DR PD AT4G13950 DR PD AT3G18760 nDR SS
AT1G17680 DR PD AT4G15180 DR PD AT5G39940 nDR SS
AT1G18730 DR SS AT4G15520 DR PD AT1G27752 nDR SS
AT1G19140 DR SS AT4G17370 DR SS AT4G33140 nDR SS
AT1G21350 DR SS AT4G17540 DR SS AT3G63390 nDR SS
AT1G21370 DR SS AT4G17760 DR SS AT3G60810 nDR SS
AT1G21840 DR SS AT4G18460 DR SS AT5G14910 nDR SS
AT1G22700 DR PD AT4G18470 DR SS AT2G41760 nDR SS
AT1G26660 DR PD AT4G19070 DR SS AT1G48200 nDR SS
AT1G26840 DR SS AT4G19400 DR SS AT3G15150 nDR SS
AT1G27530 DR SS AT4G20060 DR SS AT5G49800 nDR SS
AT1G28560 DR SS AT4G20350 DR SS AT4G38490 nDR SS
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AT1G31780
AT1G31860
AT1G32370
AT1G33810
AT1G34770
AT1G36310
AT1G42990
AT1G45150
AT1G48270
AT1G48360
AT1G50910
AT1G52530
AT1G53120
AT1G53645
AT1G54990
AT1G55280
AT1G56345
AT1G60460
AT1G60600
AT1G61690
AT1G62250
AT1G64050
AT1G65020
AT1G65230
AT1G65900
AT1G66080
AT1G66330
AT1G67180
AT1G70570
AT1G71340
AT1G73350
AT1G74640
AT1G74880
AT1G76050
AT1G76250
AT1G76450
AT1G77030
AT1G77230
AT1G77320
AT1G77350
AT1G77550
AT1G78650
AT1G80410

DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
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DR
DR
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DR
DR
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DR
DR
DR
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DR
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SS
SS
SS
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SS
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SS
SS
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SS
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SS
SS
SS
SS
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PD
SS
SS
SS
PD
PD
SS
SS
SS
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AT4G21720
AT4G21770
AT4G23660
AT4G26370
AT4G27750
AT4G28020
AT4G28660
AT4G29520
AT4G29890
AT4G30840
AT4G31460
AT4G31770
AT4G34140
AT4G34700
AT4G35760
AT4G35987
AT4G37020
AT4G37210
AT4G37510
AT4G38020
AT4G38090
AT4G39680
AT5G01160
AT5G01300
AT5G03770
AT5G06830
AT5G07380
AT5G10320
AT5G10460
AT5G10620
AT5G11030
AT5G11450
AT5G11640
AT5G11980
AT5G13070
AT5G13240
AT5G14520
AT5G15390
AT5G15750
AT5G15802
AT5G17240
AT5G17670
AT5G19130

DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
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SS
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SS
SS
SS
SS
SS
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PD
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SS
PD
SS
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AT4G31150
AT1G33400
AT4G21620
AT3G55080
AT2G44580
AT1G07020
AT3G09085
AT2G25720
AT3G24080
AT4G29560
AT4G13690
AT3G27520
AT3G20490
AT2G44820
AT4G09680
AT5G37480
AT2G25625
AT5G16610
AT5G12920
AT2G05320
AT5G24314
AT4G16410
AT5G37590
AT4G18400
AT1G53200
AT4G00790
AT1G48580
AT4G15030
AT5G22820
AT5G52290
AT5G17070
AT5G37580
AT1G71760
AT1G43245
AT1G51080
AT2G24970
AT2G24830
AT5G63135
AT2G17972
AT4G22550
AT4G29660
AT2G01100
AT4G17610

nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR

SS
PD
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SS
SS
SS
SS
SS
SS
SS
SS
SS
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SS
SS
SS
SS

SS
SS

SS
SS

PD
SS
SS
SS
SS
SS
SS
SS
SS
SS
SS
SS
SS
SS
PD

SS

SS
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AT1G80420
AT2G02590
AT2G04270
AT2G04560
AT2G05170
AT2G13840
AT2G15890
AT2G17900
AT2G18850
AT2G18950
AT2G19270
AT2G19640
AT2G19870
AT2G20790
AT2G20940
AT2G20980
AT2G21970
AT2G22370
AT2G22650
AT2G25605
AT2G26540
AT2G26680
AT2G30410
AT2G31040
AT2G31890
AT2G31955
AT2G32900
AT2G33255
AT2G34090
AT2G35360
AT2G36895
AT2G37560
AT2G39090
AT2G39910
AT2G40316
AT2G40430
AT2G40570
AT2G41530
AT2G41950
AT2G42780
AT2G43360
AT2G43400
AT2G44520

DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR

SS,PD  AT5G20600
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AT5G20935
AT5G22130
AT5G23290
AT5G23395
AT5G23520
AT5G25480
AT5G25500
AT5G37055
AT5G37290
AT5G38900
AT5G39410
AT5G40660
AT5G41150
AT5G41190
AT5G41880
AT5G42370
AT5G43750
AT5G45310
AT5G46850
AT5G47570
AT5G48440
AT5G48470
AT5G49550
AT5G50320
AT5G50375
AT5G51020
AT5G51040
AT5G51130
AT5G51220
AT5G52190
AT5G52880
AT5G54855
AT5G55500
AT5G57950
AT5G59440
AT5G59460
AT5G60410
AT5G61330
AT5G61850
AT5G62140
AT5G62760
AT5G63200

DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
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DR
DR
DR
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AT5G62440
AT3G08610
AT4G27390
AT1G57540
AT4G32915
AT5G16020
AT4G10330
AT3G17170
AT5G67490
AT1G12244
AT1G21500
AT2G48070
AT2G41120
AT3G52230
AT5G26880
AT5G27400
AT3G46560
AT4G10100
AT5G18540
AT1G61570
AT5G59140
AT5G50810
AT2G25570
AT1G67785
AT1G74340
AT3G14430
AT2G01755
AT3G59840
AT3G04640
AT5G19970
AT5G03560
AT5G09830
AT5G03460
AT4G35980
AT5G50930
AT5G61220
AT5G22875
AT3G45050
AT4G22600
AT4G27380
AT4G04614
AT2G38570
AT2G34585

nDR
nDR
nDR
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nDR
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AT2G44870
AT2G45990
AT2G46060
AT2G46200
AT2G47760
AT3G02820
AT3G03100
AT3G04560
AT3G04600
AT3G04950
AT3G05210
AT3G05625
AT3G05760
AT3G09180
AT3G09210
AT3G09430
AT3G09580
AT3G10370
AT3G10572
AT3G11620
AT3G12040
AT3G12210
AT3G12260
AT3G13226
AT3G13940
AT3G14110
AT3G14900
AT3G15110
AT3G15180
AT3G16270
AT3G16760
AT3G16990
AT3G17590
AT3G17670
AT3G18730
AT3G20070
AT3G20480
AT3G21820
AT3G22990
AT3G24315
AT3G24560
AT3G25120
AT3G25470

DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
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DR
DR
DR
DR
DR
DR
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AT5G63460
AT5G64250
AT5G64680
AT5G65660
AT5G66090
AT5G13050
AT4G37830
AT5G49510
AT1G72440
AT1G63980
AT2G02500
AT5G52110
AT1G63680
AT3G27110
AT1G73820
AT3G04260
AT1G64510
AT1G44920
AT5G15680
AT2G44360
AT1G30480
AT1G71790
AT3G17930
AT2G33180
AT5G63000
AT3G26580
AT4G03150
AT1G08220
AT2G36740
AT2G45520
AT5G54080
AT5G19050
AT2G31440
AT5G53080
AT1G73740
AT4G02405
AT3G46220
AT2G20495
AT4G02725
AT2G36145
AT3G01160
AT3G54230
AT3G21350

DR
DR
DR
DR
DR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
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AT3G52070
AT3G20470
AT4G14020
AT2G39725
AT5G57860
AT5G67290
AT2G41260
AT3G14480
AT1G19490
AT3G23450
AT3G55790
AT5G66840
AT2G33855
AT3G03341
AT3G09860
AT3G56870
AT1G70200
AT3G25165
AT4G39160
AT3G15280
AT4G11510
AT2G14660
AT4G17590
AT4G06534
AT1G75550
AT1G58250
AT2G01170
AT3G24630
AT3G57990
AT4G12070
AT5G06120
AT5G40940
AT5G24090
AT2G23090
AT1G78780
AT1G08370
AT3G13130
AT2G03667
AT4G24265
AT3G51580
AT3G21360
AT2G13440
AT4G39690

nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
SCR
SCR
SCR
SCR
SCR
SCR
SCR
SCR
SCR
SCR
SCR
SCR
SCR
SCR
SCR
SCR
SCR
SCR

SS
PD
PD
PD
SS
PD
PD
PD
SS
PD
PD
PD
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SS
SS
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SS
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SS
SS
SS
PD
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SD
SD
SD
SD
SD
OT-P
SD
SD
SD
SD
OoT-P
OT-F
OoT-P
OT-F
OT-F
OT-F
OT-F



AT3G26085
AT3G26710
AT3G28760
AT3G32930
AT3G46200
AT3G47850
AT3G48120
AT3G48500
AT3G49890
AT3G51010
AT3G51820

DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR

SS
SS
SS
SS
SS
SS
SS
SS
SS
SS
PD

AT4G31790
AT5G08060
AT5G02130
AT5G02710
AT5G24670
AT5G51170
AT4G35910
AT5G06410
AT3G57910
AT3G27050
AT2G44760

nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR
nDR

SS
SS
SS
SS
SS
SS
SS
SS
PD
PD
SS

AT4G18593
AT1G08280
AT2G34050
AT1G50170
AT4G39450
AT2G27900
AT2G44970
AT2G19940
AT5G62390

SCR
SCR
SCR
SCR
SCR
SCR
SCR
SCR
SCR

SD
SD
OT-F
OT-F
OT-F
OT-F
SD
OT-F
SD
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Table S3.2 SALK lines genotype resultsGreen cells in column ‘Gene’ represent genes with
two SALK lines. HM stands for ‘homozygous’. HT stands for ‘hetggoms’. WT stands for
‘wildtype’. The numbers in column ‘HM’, ‘HZ’, and ‘WT’ are the nunrigeof plants with

corresponding genotypes.

Mutant_ID Gene Gene group SALK Insertion positon HV  HT WT  Genotype group

1 AT5G15750 DR SALK_093583C Sutr 12 0 0 HM
100 AT1G62250 DR SALK_065936 intron 4 4 HM
101 AT1G65020 DR SALK_ 010039 exon 5 6 5 HM
102 AT1G65230 DR SALK_130615 exon 10 0 0 HM
103 AT1G65900 DR SALK_122807 intron 2 2 4 HM
104 AT1G66080 DR SALK_058334 exon 12 0 0 HM
105 AT1G70570 DR SALK_078468C intron 1 0 8 HM
106 AT1G73350 DR SALK_020247 intron 0 4 17 PL
107 AT1G76250 DR SALK_ 019804 intron 7 4 8 HM
108 AT1G77230 DR SALK_131710C exon 4 0 HM
109 AT1G77350 DR SALK 124373 Sutr 0 0 13 WT
11 AT3G25470 DR SALK_043556C exon 2 3 HM
111 AT2G04270 DR SALK_093546C exon 2 4 3 HM
112 AT2G19270 DR SALK_043882 intron 0 0 11 WT
114 AT2G20940 DR SALK_082302 exon 0 0 7 WT
115 AT2G22370 DR SALK_027178C intron 10 4 12 HM
116 AT2G22650 DR SALK 147486 exon 6 0 HM
117 AT2G34090 DR SALK_122423C exin 10 0 HM
118 AT2G36895 DR SALK 071847 exon 0 0 16 WT
119 AT2G42780 DR SALK_ 145132 exon 10 0 7 HM
120 AT2G43400 DR SALK_007870 exon 3 5 15 HM
121 AT2G45990 DR SALK_141449C exon 19 0 0 HM
122 AT2G46060 DR SALK_135304C exon 12 12 0 HM
123 AT3G03100 DR SALK_132527 intron 0 0 7 WT
124 AT3G04560 DR SALK_004031C exon 6 0 0 HM
125 AT3G05625 DR SALK_081322 exon 0 0 7 WT
127 AT3G09180 DR SALK 012449 exon 1 3 10 HM
128 AT3G09210 DR SALK_039502 exon 4 1 16 HM
13 AT4G00560 DR SALK _138740C exon 10 1 1 HM
130 AT3G10572 DR SALK_ 132193 exon 0 7 14 PL
131 AT3G13940 DR SALK_ 054381 exon 2 12 0 HM
132 AT3G14110 DR SALK_002383C intron 4 3 0 HM
133 AT3G15110 DR SALK_151651C exon 6 HM
134 AT3G15180 DR SALK_010908 exon 0 23 PL
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150
151
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157
158
159
160
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163
164
165
166
167
169
170
171
172
173
174
175
176
177
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AT3G20070
AT3G21820
AT3G24315
AT3G24560
AT3G26085
AT3G28760
AT3G48120
AT3G49890
AT3G51010
AT3G51820
AT3G56210
AT3G56510
AT3G56820
AT3G59490
AT3G60850
AT2G33255
AT3G62140
AT3G62370
AT4G10090
AT4G15520
AT4G17370
AT4G17540
AT4G18470
AT4G26370
AT4G27750
AT4G29890
AT4G30840
AT4G31460
AT4G34700
AT4G37020
AT4G38020
AT5G03770
AT5G62140
AT5G42370
AT5G55500
AT5G52190
AT5G20935
AT5G10320
AT5G15802
AT5G54855
AT5G61330
AT5G11030
AT5G17240

DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR

SALK_148785
SALK_026154C
SALK_040675C
SALK_099074
SALK_030049C
SALK_083209C
SALK_136585
SALK_121199C
SALK_066359
SALK_112733C
SALK_022623
SALK_101389
SALK_016215
SALK_008961
SALK_052869
SALK_145197C
SALK_027223
SALK_046903C
SALK_100099
SALK_027418C
SALK_010608C
SALK_043122
SALK_018281
SALK_013094C
SALK_014032
SALK_026428
SALK_095344C
SALK_062358
SALK_030356

SALK_069628
SALK_055128
SALK_035981C
SALK_008702
SALK_019576
SALK_042226C
SALK_048298
SALK_050034
SALK_057370C
SALK_078544C
SALK_081219C
SALK_088403
SALK_089074
SALK_097673C

143

exon
exon
exon
exon
exon
exon
exon
intron
intron
exon
exon
intron
exon
intron
exon
exon
exon
intron
intron
intron
exon
exon
exon
intron
exon
exon
exon
exon
exon
exon
exon
intron
exon
exon
exon
exon
intron
exon
intron
intron
intron
exon

exon

o o O o N B

[
[

O o o N O ©W o O o o &

o r O 0O M o P © o O, O O

0 ©O 0 O O © © w o

B
N e

m P WO O M o o OO0 o w ;o ©Nnp O

=
© N

o N ©O O Fr o9 OO0 O oo O o

18

b © © N o Ny o P kN

N O o O B P O

HM
HM
HM
WT
HM
HM
HM
HM
HM
PL
PL
WT
HM
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PL
HM
WT
HM
WT
HM
HM
HM
HM
HM
PL
HM
HM
oT
HM
HM
WT
HM
HM
WT
HM
HM
HM
HM
HM
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WT
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179
18
180
182
183
184
19
115
149
PD7
16

23
24
26
28

2.1
2.2
2.4
33
34
35
36
37
38
39
3.1
3 11
3.2
Ss1

3 23

3 35

3 36

3 4
3.8
3.9
40
42
43
44
45
46
47

AT5G51130
AT2G39090
AT5G59460
AT5G22130
AT5G11980
AT4G38090
AT3G13226
AT4G13330
AT4G21770
ATAG21770
AT2G40316
AT1G74880
AT1G16970
AT5G49550
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Table S3.3 Observed and published phenotypes for PL SALKnles. In column ‘Published
phenotypes’, ESN stands for ‘essential’, MRP stands for ‘morpleabgNOP stands for ‘no
obvious phenotype’. More detailed information regarding to these phenatyggodes (ESN,

MRP) can be found in Lloyd and Meinke, 2012 (cited in Chapter 3 main text).

mutant_ID Gene Group Observed phenotype Published
On soil Heterozygous silique Stress and root screen phenotype
106 AT1G7335 DR | turned albino at 4 leaf s{age
130 AT3G10571 DR | tiny small seeds ESN
134 AT3G1518(0 DR | reduced fertility
144 AT3G5182 DR MRP
145 AT3G5621 DR | small
149 AT3G6085 DR
159 AT4G2775 DR | 1/4 small and dying MRP
35 AT2G3756Q DR | tiny, small, yg empty spaces ESN
37 AT2G4043( DR
3.23 AT3G1037 DR | lethal to small small seeds low geatigm rate (ABA, mannitol) ESN
45 AT5G1913(Q DR seg for tiny seedlings in sucrose
50 AT2G2654Q DR NOP
56 AT5G4847( DR | small, lethal seg for abnormal seedling (ABA, mannitol) ESN
64 AT3G2671Q DR | yellow green, lethal MRP
66 AT2G0517Q DR small seeds low germination rate (heat)l sensitive
75 AT2G3041¢ DR | small, embryo mut 2x ESN
81 AT1G0376Q DR
92 AT1G2666( DR | small, yellow green
94 AT1G3186(Q DR | lethal ESN
SS1 AT2G3189 DR albino seeds seg for small plant®ofgermiantion (sucros¢)
248 AT3G1490! DR ESN
17 AT3G0426Q nDR | small MRP
29 |AT5G4824¢ nDR | lethal small seeds; empty
spaces
36 AT1G63680 nDR| seedlinglethal; 1/4 smal albinadsee ESN
134 AT4G1207 SCR| lethals, 1/4 tiny, no SAN
3.31 AT2G1994 SCR
SCR4 AT3G5158 SCR| seedling lethal
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Table S3.4 Soil growth phenotypes for HM SALK linesln column ‘Observed phenotype’,
‘YG’ stands for ‘yellow green’, ‘VLF’ stands for ‘very latibowering’, ‘RF’ stands for ‘reduced
fertility’. Descriptions in column ‘Published phenotype’ came frofenences listed after this

table or Lloyd and Meinke, 2012 (cited in Chapter 3 main text).

Observed phenotype Published phenotype
Mutant_ID Gene
Mutant Phenotype Category Mutant Phenotype Group
107 AT1G76250 SALK_019804 YG, lethal lethal
11 AT3G25470, SALK_043556( small, YG , early flowering lovfering

cause a syndrome of related

small curled leaves and YG; #1/1 . .
phenotypes affecting flowerin

115 AT2G22370 SALK_027178C VLF and no seed, #5 large leaves multiple SALK_027178[1] ,. . MRP
time, inflorescence structure, apd
and RF; #8 small; #12 wt
flower morphology.
122 AT2G46060 SALK_135304( small lethals, retest lethal
127 AT3G09180 SALK_012449 small, dark green pigmen
128 AT3G09210 SALK_039502 embryo lethals, retest lethal
13 AT4G00560 SALK_1387400 small, YG pigment
131 AT3G13940 SALK_054381 abnormal seeds seed
. anon-SALK T- .
135 AT3G20070 SALK_148785 embryo lethals; #s10,11,12 fewler seg DNA insertion Embryo defective; Preglobular ESN

siliques, slightly smaller Enlarged endosperm nuclei

line (Syngenta)[2

160 ATA4G29890 SALK_026428 small, YG pigment

defective in lateral root formatioh;
177 AT5G11030 SALK_089074 seg small and abnormal seg|  KksAb31ga[y) CeIoctive In lateral root formation; -, oy

fail to respond to exogenous IAA;
26 AT5G20600] SALK_073773(Q small, silvery leaves leaf
34 AT1G61690 SALK_133410¢ small, lethal lethal
40 AT5G15390 SALK_005531( fewer leaf trichomes leaf
51 AT1G04130] SALK_073054( YG, dying pigment

Abolishes Seed Dormancy;
Enhances the Expression of
97 AT1G482700 SALK_027808 seg 32:8 for tiny seedlings g se CS540[4] S:J;ng?eﬁifg’:’gﬁz aGne d"f; MRP
Expression of Genes that Contfol

Flowering.

Feldmann T-DNA Seedling lethal without exogenols

99 AT1G60600] SALK_021962(Q YG, lethal lethal h sucrose; Abnormal chloroplas ESN
line, no. 2755[5]
development

PD7 AT4G21770 SALK_149232( many small leaves leaf

1. Kim YJ, Zheng B, Yu Y, Won SY, Mo B, Chen X: The role of Mediatosnmall and long
noncoding RNA production in Arabidopsis thaliana. Embo Journal 2011, 30:814-822.

2. Tzafrir I, McElver JA, Liu Cm CM, Yang LJ, Wu JQ, Martindz Patton DA, Meinke DW:
Diversity of TITAN functions in Arabidopsis seed development. Plays®logy 2002, 128:38-

51.
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3. DiDonato RJ, Arbuckle E, Buker S, Sheets J, Tobar J, Totong R, &jdafik GR, Celenza
JL: Arabidopsis ALF4 encodes a nuclear-localized protein requirethtieral root formation.
Plant Journal 2004, 37:340-353.

4. Chen JG, Pandey S, Huang JR, Alonso JM, Ecker JR, Assmann SM, JonéE€RWcan act
independently of heterotrimeric G-protein in response to brassinastesod gibberellins in
Arabidopsis seed germination. Plant Physiology 2004, 135:907-915.

5. Shimada H, Ohno R, Shibata M, lkegami I, Onai K, Ohto MA, Takaiyaactivation and
deficiency of core proteins of photosystems | and Il caused bgtigahphylloquinone and
plastoquinone deficiency but retained lamellar structure in a T-DiNAant of Arabidopsis.

Plant Journal 2005, 41:627-637.
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Table S3.5 Phenotype scores for HM SALK lines in stress and root screens.

Mutant_ID Gene Group ABA Mannitol Salt Sucrose Heat Heatrec Coldgro Coldger Root
1 AT5G15750 DR 3 3 3 3 3 3 sr SR 1
2 AT1G74880 DR 3 3 3 3 3 3 3 NA NA
5 AT5G63460 DR 3 3 3 3 3 3 3 3 sr
6 AT3G17590 DR 3 3 3 3 3 3 3 3 sr
7 AT1G06510 DR 3 3 3 3 sr sr 3 3 sr
8 AT3G05210 DR 3 3 3 3 3 3 3 3 sr
9 AT3G56570 DR 3 3 3 3 sr sr 3 3 sr
11 AT3G25470 DR 3 3 3 3 3 SR sr
13 AT4G00560 DR 3 3 3 3 3 NA NA
15 AT2G33255 DR 3 3 2 3 sr sr 3 3 sr

18 AT2G39090 DR 3 3 2 3 3 3 3 sr
19 AT3G13226 DR 3 3 3 3 sr sr 4 sr
23 AT1G16970 DR 3 3 3 3 3 sr 3 NA 3
24 AT5G49550 DR 3 3 3 3 sr sr 3 SR sr
26 AT5G20600 DR seg 3 3 2 3 3 3 3 3
28 AT2G44870 DR 3 3 3 3 3 3 3 3 NA
34 AT1G61690 DR 1 sr 1 1 sr NA 3 NA NA
38 AT2G31955 DR 3 3 3 3 sr 3 3 sr
39 AT4G13670 DR 3 3 3 3 sr 3 YG sr
40 AT5G15390 DR 3 3 3 3 sr sr 3 sr
42 AT2G41530 DR 3 3 3 3 sr sr 3 NA
43 AT5G23395 DR 3 3 3 3 3 3 NA
44 AT5G23290 DR 3 3 3 3 3 SR sr
46 AT3G09580 DR 2 3 3 3 3 3

47 AT1G18730 DR 3 3 3 3 sr sr 3 3 5
49 AT5G48440 DR 3 3 3 3 3 3 3 3

51 AT1G04130 DR 3 3 3 3 sr sr 3 SR 1
52 AT2G02590 DR 3 3 3 3 sr sr 3 3 sr
55 AT1G77550 DR 3 3 3 2 sr 3 NA
57 AT2G25605 DR 3 3 3 4 3 SR NA
63 AT2G47760 DR 2 2 3 2 sr 4 3 sr
65 AT2G31040 DR 3 3 3 3 3 sr YG sr
67 AT2G17900 DR 3 2 3 3 sr sr 3 3 NA
70 AT5G37290 DR 3 3 3 3 sr 3 SR sr
71 AT1G53120 DR 3 3 3 3 3 3 NA 3
74 AT1G52530 DR 3 3 3 3 sr sr 3 3 sr
76 AT4G03200 DR 4 3 3 3 sr sr 3 SR NA
77 AT3G25120 DR 4 3 3 3 3 NA 3
79 AT1G01920 DR 3 3 2 3 3 sr
82 AT1G05060 DR 3 3 3 3 sr sr 3 3 sr
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Table S3.6 HM SALK lines with striking stress phenotype Protein descriptions are from

TAIR. In column ‘Stress or root phenotype’, numbers in the parentheses are phenotype scores.

Mutant_ID Gene Group Protein description Stress orroot phenotype
34 AT1G61690 DR phosphoinositide binding ABA(1)itE3, sucrose(1)
38 AT2G31955 DR cofactor of nitrate reductase amthine heat(1)
dehydrogenase 2
39 AT4G13670 DR plastid transcriptionally active 5 coldger(yg)
65 AT2G31040 DR ATCGL160, an integral thylakoid fgia that | coldger(yg)
facilitates assembly of the membranous part of
the chloroplast ATPase.
113 AT2G19640 DR ASH1-RELATED 2, ASHR2, SDG39, SET| heat(5)
DOMAIN PROTEIN 39
167 AT5G62140 DR unknown sucrose(4), coldgro(S)dger(CT)
246 AT3G12210 DR DNA binding; involved in DNA repaHelix- | coldgro(1)
hairpin-helix DNA-binding motif
3 .35 AT3G17670 DR tetratricopeptide repeat (TPRitaiming sucrose(1), coldgro(2)
protein
3 36 AT1G56345 DR Pseudouridine synthase familygimo RNA sucrose(1), coldgro(2), root(2)
modification
312 AT3G09085 nDR Protein of unknown function ((288) sucrose(1)
3 14 AT1G78780 SCR pathogenesis-related familyeimot coldger(cs)
321 AT2G13440 SCR glucose-inhibited division fanl protein ABA(1), heat(0), heatrec(0),

coldger(cs)
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Table S3.7 HM SALK lines with mild stress phenotypeProtein descriptions are fromAIR.

In column ‘Stress or root phenotype’, numbers in the parentheses are phenotype scores

Mutant_ID | Gene Group | Protein description Stress orroot phenotype
15 AT2G33255 DR Haloacid dehalogenase-like hydeo(&AD) | salt(2)
superfamily protein
18 AT2G39090 DR ANAPHASE-PROMOTING COMPLEX 7; | salt(2)
contains TRP domain
19 AT3G13226 DR regulatory protein RecX family pmiot coldgro(4)
46 AT3G09580 DR FAD/NAD(P)-binding oxidoreductasenily | ABA(2)
protein
55 AT1G77550 DR tubulin-tyrosine ligases;tubulimetsine sucrose(2)
ligases
57 AT2G25605 DR sucrose(4)
63 AT2G47760 DR asparagine-linked glycosylation 3 BAA2), mannitol(2), sucrose(2),
coldgro(4)
67 AT2G17900 DR SET domain group 37 mannitol(2)
76 AT4G03200 DR catalytics; Protein of unknown fiimc ABA(4)
DUF255, Thioredoxin fold, Six-hairpin
glycosidase-like, Thioredoxin-like fold;
77 AT3G25120 DR Mitochondrial import inner membrane ABA(4)
translocase subunit Tim17/Tim22/Tim23
family protein
79 AT1G01920 DR SET domain protein salt(2)
83 AT1G07645 DR dessication-induced 1VOC superfamil ABA(4), salt(2)
protein
95 AT1G36310 DR S-adenosyl-L-methionine-dependent sucrose(2)
methyltransferases superfamily protein
100 AT1G62250 DR coldgro(2)
102 AT1G65230 DR sucrose(2)
104 AT1G66080 DR heat(2)
119 AT2G42780 DR RNA polymerase Il transcriptiootéa Slll, ABA(4)
subunit A; regulation of transcription
121 AT2G45990 DR sucrose(4)
147 AT3G56820 DR mannitol(4)
155 AT4G17540 DR mannitol(2)
166 AT5G03770 DR KDO transferase A coldgro(2)
171 AT5G52190 DR Sugar isomerase (SIS) family pnote salt(2)
206 AT1G45150 DR ABA(2)
272 AT4G20350 DR oxidoreductases; contains oxogiteéron- coldgro(2)
dependent oxygenase
34 AT3G16270 DR ENTH/VHS family protein; intraadtr salt(2)
protein transport
1 30 AT3G24630 SCR TON1 Recruiting motif (TRM) pmot; sucrose(2)
TRM34
3_16 AT3G13130 SCR coldgro(2)
3 18 AT4G24265 SCR mannitol(2)
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3 22 AT4G39690 SCR _l\/lit_o_chondrial inner membranegino ABA(2), coldgro(4), root(2)
3 32 AT5G62390 SCR Mgcglﬂ-nz-associated athanogene 7 ldgrag2)
3 37 AT5G08540 SCR sucrose(2)
20 AT2G41120 nDR ABA(4)
25 AT2G41760 nDR mannitol(2), coldgro(2)
54 AT1G51080 nDR ABA(2), sucrose(2)
23 AT3G20490 nDR coldgro(2)
33 AT1G27752 nDR Ubiquitin system component Cuegin ABA(4)
3 34 AT4G17610 nDR tRNA/rRNA methyltransferase (Sptamily | sucrose(seg), coldgro(2)

protein
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Table S3.8 P values for phenotype percentage comparisdfisher exact test was applied for

comparison ‘SCR vs. DR’ and ‘nDR vs. DR’. Z test was applied for {(SCR+nDR) vs. DR’

Comparison ABA Mannitol Salt Sucrose Heat Heatrec Coldgro ®@ldger Overall Striking
SCR vs. DR 0.6302 0.5319 0.5933 1.0000 0.4564 0.1418 2.399.1790 0.3085 0.6494

nDR vs. DR 0.4373 1.0000 0.3470 1.0000 1.0000 1.0000 ©.719.0000 1.0000 1.0000
(SCR+nDR) vs. DR 0.1995 0.3909 0.0434 0.4467 0.4379 bB.050.2056 0.1541 0.3087  0.4140
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Table S3.9 HM SALK lines that are considered knockdown or caespond to an obsolete
gene.Phenotype data in column ‘Published phenotypes’ are fed@nences listed after this table

or Lloyd and Meinke, 2012 (cited in Chapter 3 main text).

Mutant_ID Gene Group Published phenotype ABA |Mannitol | Salt |Sucrose| Heat | Heatrec| Coldgrol Coldgen Root
58 AT5G11450 DR MRP 3 3 3 4 3 3 3 3 3

78 AT4G31770 DR ESN 4 3 3 3 sr sr sr 3 NA
149 AT4G21770] DR NULL 3 3 3 3 2 3 3 3 sr
32 AT2G31890 DR NULL 3 3 3 3 3 3 3 3 sr
3. 27 AT1G50170, SCR ESN 3 3 3 3 3 4 3 3
3 28 AT4G39450, SCR NULL 3 3 3 3 sr sr 3 3 3

1. Roose JL, Frankel LK, Bricker TM: Developmental defects in mutants éfshe domain

protein 5 in Arabidopsis thalianBLoS One 2011, 6:€28624.
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Table S3.10 HM SALK lines without observed phenotypes and with publigd phenotypes.

Mutant_ID| Gene Our mutant | Mutant with published phenotypes Published phenotype description
Plants with >=80% of the WT mRNA didn’t have anyepbtype;

6 AT3G17590 SALK_073635¢C RNAi: line Plants with <=15% mRNA were bust
L smaller than WT; sensitive to 100mM NaCl; sligls$nsitive to
44 ATSGZ329(P SALK_057848C CT955299 12mM LiCl and 300mM MannitoR

L SALK_ 136385, CS859876,
8 AT161083+ SALK_068653¢ SALK 057053, and SALK 05791! |defect in greening after transfering from darkghbti

C ALK 127447 . .
8 ATlGlZ?Q(L SALK_127447 S - shorter siliques; a portion of flowers have leskeps;*
111 AT2G04270 SALK_093546( SALK_093546 ! : ) 5
albino on agar plates; albino seedings on
120 AT2G43400 SALK_00787( SALK_007870

shorter siliques and lower number of séeds

132 AT3G14110 SALK_002383C flu; T-DNA i ti tambt SALK| N .
- U nsertion mutanb growth inhibition after transferring from dark ighit”

157 AT4G18470 SALK_018281 EMS mutant s
much smaller than W

late flowering at 40 days; looks smaller (not vetyking but visible)
than WT at 8 week; shorter root (not quite strj)°

very short silique and very few seeds (1.5 peugl; seeds slight
larger than WT2

163 AT4G34700 SALK_030354 SALK_097732

220 AT1G77320 SALK_ 201730 Versailes collection eDNA lines

1. Brzeski J, Podstolski W, Olczak K, Jerzmanowski A: Identibcatand analysis of the
Arabidopsis thaliana BSH gene, a member of the SNF5 gene fduitleic Acids Res 1999,
27:2393-2399.

2. Rodriguez-Milla MA, Salinas J: Prefoldins 3 and 5 play an essaole in Arabidopsis
tolerance to salt stress. Mol Plant 2009, 2:526-534.

3. Chen Y, Li F, Wurtzel ET: Isolation and characterization ef ZhISO gene encoding a
missing component of carotenoid biosynthesis in plants. Plant Physiology 2010, 153:66-79.
4. Wijeratne AJ, Chen CB, Zhang W, Timofejeva L, Ma H: The Atapsis thaliana PARTING
DANCERS gene encoding a novel protein is required for normal melmimologous
recombination. Molecular Biology of the Cell 2006, 17:1331-1343.

5. Mudd EA, Sullivan S, Gisby MF, Mironov A, Kwon CS, Chung WI, Day A: A X'a
RNase E/G-like protein is present in plastids and is essdatiahloroplast development and

autotrophic growth in Arabidopsis. J Exp Bot 2008, 59:2597-2610.
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6. Ishizaki K, Larson TR, Schauer N, Fernie AR, Graham IA, LeaverT@e critical role of
Arabidopsis electron-transfer flavoprotein: Ubiquinone oxidoreductase durirgindaiced
starvation. Plant Cell 2005, 17:2587-2600.

7. Kim C, Meskauskiene R, Zhang SR, Lee KP, Ashok ML, Blajecka Kfuitdr C, Feussner I,
Apel K: Chloroplasts of Arabidopsis Are the Source and a Primharget of a Plant-Specific
Programmed Cell Death Signaling Pathway. Plant Cell 2012, 24:3026-3039.

8. Mosher RA, Durrant WE, Wang D, Song JQ, Dong XN: A comprehensivetige-function
analysis of Arabidopsis SNI1 defines essential regions and tyatimtal repressor activity.
Plant Cell 2006, 18:1750-1765.

9. Han L, Qin G, Kang D, Chen Z, Gu H, Qu LJ: A nuclear-encoded mitodabrygme
AtCIB22 is essential for plant development in Arabidopsis. J Genet Gen@0il0, 37:667-683.
10. Grelon M, Gendrot G, Vezon D, Pelletier G: The Arabidopsis Mfgle encodes a protein
with five BRCT domains that is involved in meiosis-specific DMair events independent of

SPO11-induced DSBs. Plant Journal 2003, 35:465-475.
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Table S3.11 HM SALK lines without observed phenotypeProtein descriptions are from

TAIR.
Mutant_ID Gene Group Protein description
2 AT1G74880] DR | sybunit NDH-O of NAD(P)H:plastoquinone dehydrogenesmplex
5 AT5G63460 DR SAP domain-containing protein
7 AT1G06510 DR
8 AT3G05210] DR | 3 homolog of human ERCCL1 protein
9 AT3G56570| DR | SET domain-containing protein; Rubisco methyltrana$e family protein
23 AT1G16970 DR KU70 homolog
24 AT5G49550] DR | BLOS2; Putative homolog of mammalian BLOC-1 Sub@nit
28 AT2G44870 DR
42 AT2G41530 DR S-formylglutathione hydrolase
43 ATS5G23395 DR | Mia40, a component of the mitochondrial intermemkerapace assembly machinery
49 AT5G48440 DR FAD-dependent oxidoreductase fapribtein
52 AT2G02590 DR
70 AT5G37290 DR ARM repeat superfamily protein
71 AT1G53120 DR RNA-binding S4 domain-containingtpin
74 AT1G52530] DR | Hus1-like protein
82 AT1G05060 DR
84 AT1G08710 DR F-box family protein
90 AT1G15980] DR | anovel subunit of the chloroplast NAD(P)H dehydmase complex
93 AT1G27530 DR grt]azlt)q/lr{rl]téniconjugatlng enzyme/RWD-like, Ubiquitinfbmodifier-conjugating
96 AT1G42990 DR ATBZ.IP60; contains a bZIP DNA binding domain anpudative transmembrane
domain
101 AT1G65020 DR
103 AT1G65900 DR
108 AT1G77230 DR Tetratricopeptide repeat (TPRy-Bkiperfamily protein
116 AT2G22650 DR FAD-dependent oxidoreductase fapribtein
117 AT2G34090) DR | MATERNAL EFFECT EMBRYO ARREST 18, MEE18
124 AT3G04560 DR
133 AT3G15110 DR
ATXR2, HISTONE-LYSINE N-METHYLTRANSFERASE ATXR2, SB36, SET
136 AT3G21820 DR DOMAIN PROTEIN 36
137 AT3G24315 DR Sec20 family protein
140 AT3G28760 DR | 3-dehydroquinate synthase, prokaryotic-type
141 AT3G48120 DR
142 AT3G49890 DR
143 AT3G51010 DR
148 AT3G59490 DR
153 AT4G15520 DR tRNA/rRNA methyltransferase (Spddily protein
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154 ATAG17370) DR | Oxidoreductase family protein
158 ATAG26370) DR | antitermination NusB domain-containing protein
161 AT4G30840 DR Transducin/WDA40 repeat-like sugaify protein
164 AT4G37020 DR
170 AT5G55500 DR beta-1,2-xylosyltransferase
172 AT5G20935 DR
173 AT5G10320 DR
174 AT5G15802 DR
175 AT5G54855 DR Pollen Ole e 1 allergen and extefasnily protein
178 AT5G17240 DR SET domain group 40
179 AT5G51130) DR | s-adenosyl-L-methionine-dependent methyltransferasperfamily protein
184 AT4G38090 DR Ribosomal protein S5 domain 2-ikperfamily protein
242 AT3G04950 DR | sec-C motif
250 AT3G16990 DR Haem oxygenase-like, multi-helical
252 AT3G20480 DR tetraacyldisaccharide 4'-kinasdlfaprotein
264 AT4G02110 DR transcription coactivators; camaBRCT domain
277 AT4G295200 DR | saposin B
293 AT5G25480 DR DNA methyltransferase-2; ATDNMT2
115 AT4G13330 DR S-adenosyl-L-methionine-dependethyltransferases superfamily protein
16 AT2G40316 DR
2 4 AT5G13240 DR tr;e:)rlzzrslztrlf)&nglulators, Mafl regulator, RNA pobmase Il transcriptional
31 AT2G20980 DR MCM10, minichromosome maintenatze
311 AT5G62760 DR P-loop containing nucleosidehvgphate hydrolases superfamily protein
38 AT3G46200 DR nudix hydrolase homolog 9
AT4G02405 nDR S-adenosyl-L-methionine-dependesthyitransferases superfamily protein
AT3G27110 nDR Peptidase family M48 family protein
10 AT2G36885| nDR
12 AT3G46220] nDR
14 AT5G02710 nDR
16 AT5G67290 nDR FAD-dependent oxidoreductase fapribtein
22 AT3G26580 nDR Tetratricopeptide repeat (TPRy-Bkiperfamily protein
27 AT1G75200 nDR flavodoxin family protein / radi@\M domain-containing protein
30 AT1G61570 nDR translocase of the inner mitochi@hdembrane 13
31 AT3G17170 nDR Translation elongation factor BFtbosomal protein S6 family protein
48 AT1G19490 nDR Basic-leucine zipper (bZIP) traipgmon factor family protein
60 AT5G37590 nDR Tetratricopeptide repeat (TPRy-Bkiperfamily protein
68 AT1G08220] nDR | ATPase assembly factor ATP10, mitochondria
72 AT5G19050 nDR alpha/beta-Hydrolases superfapribyein
73 AT1G70200 nDR RNA-binding (RRM/RBD/RNP motifg)rily protein
1_10 AT3G27050 nDR
118 AT5G50930 nDR Histone superfamily protein
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1.19 ATS5G59140  nDR | BTB/POZ domain-containing protein

13 AT1G68080 nDR 2-oxoglutarate (20G) and Fe(#pehdent oxygenase superfamily protein
35 AT1G43245 nDR SET domain-containing protein

37 AT2G44820 nDR

126 AT1G58250 SCR Golgi-body localisation protgdimain; RNA pol || promoter Fmp27 protein domg
128 AT2G01170 SCR bidirectional amino acid tramsgrdl

131 AT3G57990 SCR

137 AT5G06120 SCR ARM repeat superfamily protein

1 47 AT3G52260 SCR Pseudouridine synthase famdiepr

25 AT5G40940 SCR putative fasciclin-like arabinlagtan protein 20

26 AT5G24090 SCR chitinase A

3 17 AT2G03667| SCR Asparagine synthase family prote

3 20 AT3G21360 SCR 2-oxoglutarate (20G) and Felgphendent oxygenase superfamily protein
3 24 AT4G18593 SCR dual specificity protein phospberrelated

325 AT1G08280 SCR Glycosyltransferase family 28lyKransferase) family protein

3_29 AT2G27900 SCR

Vacuolar protein sorting-associated protein 54
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Table S3.12 DR HM SALK lines with observed phenotypedn column ‘Chloroplast’ and

‘Mitochondrion’, 'Y’ means the corresponding protein is located in chlastgbr mitochondrion,

while ‘N’ means the protein is not located in chloroplast or mitochondrion.

Mutant_ID Gene Phenotype group Chloroplast Mitochondrion
1 AT5G15750 root N N
11 AT3G25470 soil growth N N
13 AT4G00560 soil growth N N
15 AT2G33255 stress mild Y N
18 AT2G39090 stress mild N N
19 AT3G13226 stress mild N N
26 AT5G20600 soil growth/stress mild N N
34 AT1G61690 stress striking N N
38 AT2G31955 stress striking N Y
39 ATAG13670Q stress striking Y N
40 AT5G15390 soil growth Y N
46 AT3G09580 stress mild Y N
47 AT1G18730 root Y N
51 AT1G04130 soil growth/root N N
55 AT1G77550 stress mild Y N
57 AT2G25605 stress mild N N
63 AT2G4776Q stress mild N Y
65 AT2G31040Q stress striking Y N
67 AT2G17900 stress mild N N
76 AT4G03200 stress mild Y N
77 AT3G25120 stress mild Y Y
79 AT1G01920 stress mild N N
83 AT1G07645 stress mild N N
95 AT1G36310 stress mild Y N
99 AT1G60600 PL Y N
100 AT1G6225Q stress mild N Y
102 AT1G6523Q stress mild Y N
104 AT1G6608(Q stress mild N N
105 AT1G7057(Q root Y N
113 AT2G1964Q stress striking N N
115 AT2G2237Q soil growth N N
119 AT2G4278(Q stress mild N N
121 AT2G4599(Q stress mild Y N
127 AT3G0918(Q soil growth N N
131 AT3G1394(Q soil growth N N
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135 AT3G20070 PL N N
139 AT3G26085 root Y N
147 AT3G5682(Q stress mild N Y
155 ATAG1754Q stress mild N N
160 AT4G2989(Q soil growth Y N
166 AT5G0377Q stress mild N Y
167 AT5G6214Q stress striking Y N
171 AT5G5219(Q stress mild N N
177 AT5G1103(Q soil growth N N
206 AT1G4515(Q stress mild N N
246 AT3G1221Q stress striking N N
272 AT4G2035(Q stress mild N N
3 35 AT3G17670Q stress striking N N
3 36 AT1G56345 stress striking/root N Y
34 AT3G1627Q stress mild N N
PD7 AT4G2177Q soil growth Y N
106 AT1G73350 PL N N
130 AT3G10572 PL N Y
134 AT3G15180 PL N N
145 AT3G56210 PL Y N
159 ATAG27750 PL N N
35 AT2G37560 PL N N
3 23 AT3G10370 PL N Y
56 AT5G48470 PL Y N
64 AT3G26710 PL Y N
66 AT2G05170 PL N N
75 AT2G30410 PL N N
92 AT1G26660 PL N N
94 AT1G31860 PL Y N
SS1 AT2G31890 PL Y N
45 AT5G19130 PL N N
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Table S3.13 Number and percentage of chloroplast-targeting (CT) ges in DR genes with

stress phenotypes in each screen.

ABA  Mannitol Salt Sucrose Heat Heatrec Coldgro Coldger
Number of DR genes with phenotypes 8 4 7 11 3 0 10 3
Number of CT DR genes with phenotypes 3 0 1 5 0 0 2 3
Percentage of CT DR genes 38% 0% 14% 45% 0% NA 20% 100%
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Table S3.14 Phenotype comparison among three published datasetfie three published
datasets, ‘4000DS’, ‘Hanada’ and ‘Lloyd and Meinke’ were introduced irpt€h&. Column
‘Gene’ includes genes involved in both 4000DS and Hanada datasets. tasiEs dor ‘no
phenotype’. ‘NA’ stands for ‘not available’. Other letters in ‘Rbiype Group’ are abbreviations
of phenotype categories: the ones in ‘4000DS’ and ‘Hanada’ can beifottahada et al., 2009
(cited in Chapter 3 main text) , and those in ‘Lloyd and Meinke’ marfound in Lloyd and

Meinke, 2012 (cited in Chapter 3 main text).

Phenotype Group
Gene Lloyd and
4000DS Hanada Meinke

AT2G48070| NP S V
AT1G12790| R R NA
AT1G21840| NP C H
AT2G47760| NP NP B
AT3G14900| NP S S
AT3G48500| NP NP L
ATAG27750| S V V
AT5G52290| NP NP R
AT1G20050| NP S S
AT1G79040| NP NP B
ATAG38240| NP NP H
AT1G76060| NP S S
AT2G33250| NP V NA
ATAG00800| NP NP G
AT1G21600| V V L
AT1G32080| V V NA
AT5G03455| S V H
AT5G48390| R R NA
AT4G10180| V S V
AT5G66120| NP S NA
AT1G21760| NP NP P
AT1G63970| V V L
AT1G71440| NP S S
AT2G33800| NP S S
AT2G34470| NP C H
AT2G36230| NP S G
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AT1G01580| V V NA
AT1G01950] NP NP V
AT1G02580| S S S
AT1G02730| V V V
AT1G03660| V Vv NA
AT1G03790| NP NP P
AT1G04110] NP V C
AT1G04220| NP NP V
AT1G04250] NP V V
AT1G04400| V \ T
AT1G04470| V V NA
AT1G04540] NP R NA
AT1G04820| NP V V
AT1G04870] NP NP T
AT1GO05550| R R NA
AT1G05600(| NP NP S
AT1G05630] NP V C
AT1G05700| V V NA
AT1G05760] NP C I
AT1G05990| NP NP C
AT1G06040] NP V \
AT1G06490] NP NP V
AT1G07180| V V NA
AT1G07630| V Vv V
AT1G07890| V V V
AT1G08070| NP S NA
AT1G08810| NP C C
AT1G09090| NP NP V
AT1G09100] NP NP H
AT1G09270| NP NP |
AT1G09560| R R NA
AT1G09970| NP NP V
AT1G10270] NP S S
AT1G10370] NP NP P
AT1G10470| NP V P
AT1G10910| NP V S
AT1G10920| NP C I
AT1G11000] NP NP P
AT1G11210| R V NA
AT1G11220| R R NA
AT1G11370| V Vv NA
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AT1G12110| NP V B
AT1G12240] NP NP V
AT1G12980| NP S V
AT1G14750| NP R R
AT1G14870] NP NP H
AT1G16060| NP NP V
AT1G16150] NP C \
AT1G17110| NP NP V
AT1G17140] NP NP V
AT1G17840| V \ V
AT1G18100| NP NP H
AT1G18410| V \ NA
AT1G18890| NP NP P
AT1G19250] NP C I
AT1G20090| NP \4 C
AT1G20110| NP V V
AT1G20960| NP S S
AT1G20990| R V NA
AT1G21270] NP C L
AT1G21690| NP NP S
AT1G21700| R V Vv
AT1G21970] NP S S
AT1G22090| NP NP S
AT1G22260] NP NP R
AT1G22400| NP NP |
AT1G22740| V NP NA
AT1G23090| NP NP V
AT1G23310| NP C V
AT1G23400] NP NP S
AT1G23420| NP R R
AT1G24260| R R NA
AT1G24460| V V NA
AT1G25490] NP V \
AT1G26790| V Vv NA
AT1G27080| NP NP R
AT1G27320] NP NP H
AT1G27450| NP R R
AT1G28300] NP S S
AT1G29260| NP C V
AT1G29600| S R NA
AT1G31470] NP R G
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AT1G31880| NP V V
AT1G32060] NP V NA
AT1G32450| V V B
AT1G32640| V V NA
AT1G33240] NP NP C
AT1G35720| NP C P
AT1G48920] NP V V
AT1G49430| V V V
AT1G50040] NP V NA
AT1G51190] NP V V
AT1G51500( NP V V
AT1G54060] NP NP V
AT1G55020| NP V V
AT1G55380] NP S NA
AT1G56650| NP C H
AT1G58360| NP C H
AT1G61720] NP R R
AT1G61940| V V NA
AT1G62340] NP V L
AT1G62830| NP V T
AT1G62940| R R R
AT1G63440] NP C H
AT1G63880| NP C I
AT1G63900] NP NP |
AT1G64060| NP V V
AT1G64070] NP C I
AT1G64390| V V NA
AT1G64670| V V V
AT1G64760| R R NA
AT1G65360| NP NP G
AT1G65770] NP NP H
AT1G67730| NP NP S
AT1G68450| V Vv L
AT1G68560| R R V
AT1G69180| R R R
AT1G69440| R V T
AT1G69770| NP NP B
AT1G70750| V Vv NA
AT1G70910| NP NP V
AT1G74720| R R V
AT1G75030| V Vv NA
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AT1G75100] NP V P
AT1G77860] NP R R
AT1G78000| NP C B
AT1G78580| NP S S
AT1G79840] NP V C
AT1G80080| NP \4 C
AT1G80100| NP NP C
AT1G80760| NP NP H
AT2G01050| R R NA
AT2G01140| NP V V
AT2G01190| NP V L
AT2G01390| R R S
AT2G01420| NP S S
AT2G01570] NP NP V
AT2G01800| R R NA
AT2G01830| NP V V
AT2G01940| NP V \
AT2G01950| NP V T
AT2G02000] R V NA
AT2G02150| NP NP S
AT2G02220] NP V \
AT2G02300| V Vv NA
AT2G03500| V V NA
AT2G17090] NP NP S
AT2G20180| NP V P
AT2G20750] NP NP P
AT2G21660| NP NP H
AT2G26490| NP R NA
AT2G26710] NP NP V
AT2G27050| NP C H
AT2G33730| S R NA
AT2G34650| NP S S
AT2G35350] NP NP R
AT2G36000] NP S S
AT2G38110| R R C
AT2G38740| V Vv NA
AT2G38770| NP NP S
AT2G41560] NP NP V
AT2G41850| NP NP P
AT2G44190| NP S S
AT2G46970] NP V P
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AT3G47620| NP S P
AT3G48560] NP S NA
AT3G51570| V V NA
AT3G52280| NP V V
AT3G54460| R R NA
AT3G54920| NP NP |
AT3G57870] NP S G
AT3G59060(| NP C P
AT3G60330] NP NP C
AT3G60460] NP R G
AT3G61510| NP NP V
AT3G61560| V \ NA
AT3G62090| NP NP V
AT4G00120| R R NA
AT4G00220| NP S S
AT4G00650| NP V T
AT4G00730] NP V \
AT4G01020| R NP NA
AT4G01060| NP V C
AT4G01070| V V NA
AT4G01190| NP NP H
AT4G01370] NP C \
AT4G02060| NP S G
AT4G03570| V Vv NA
AT4G05200| R R NA
AT4G08150] NP R \
AT4G16950| NP NP |
AT4G20740| NP S S
AT4G20900] NP R R
AT4G21060| V V NA
AT4G23250] NP NP S
AT4G24190| NP \4 G
AT4G24860] NP S NA
AT4G26080] NP V H
AT4G26690| NP \4 C
AT4G27060| V Vv V
AT4G27600| V V L
AT4G28980| NP NP L
AT4G3255]1| R R R
AT4G33360| NP NP H
AT4G33650] NP V C
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Additional table M4.1-M4.2

Table M4.1 List of Addition (AD) lines.

Mutant_ID Gene Group
Al 49 AT4G21770 DR
Al 6 AT2G40316 DR
A2 1 AT1G76450 DR
A2 4 AT5G13240 DR
A3 1 AT2G20980 DR
A3 11 AT5G62760 DR
A3 2 AT2G31890 DR
A3_35 AT3G17670 DR
A3 36 AT1G56345 DR
A3_8 AT3G46200 DR
A3 9 AT3G61080 DR
Al 28 AT2G01170 SCR
A3 14 AT1G78780 SCR
A3_15 AT1G08370 SCR
A3 25 AT1G08280 SCR
A3_27 AT1G50170 SCR
A3 16 AT3G13130 SCR
Al 47 AT3G52260 SCR
Al 18 AT5G50930 nDR
Al 3 AT1G68080 nDR
A2_3 AT3G20490 nDR
A3_33 AT1G63980 nDR
A3 5 AT1G43245 nDR
A3_6 AT1G63680 nDR
A3 34 AT4G17610 nDR
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Table M4.2 List of Overexpression (OE) lines.

Mutant_ID Gene Group
OE1l AT5G15750 DR
OE2 AT1G74880 DR
OE5 AT5G63460 DR
OEG6 AT3G17590 DR
OES8 AT3G05210 DR
OE1l1 AT3G25470 DR
OE18 AT2G39090 DR
OE28 AT2G44870 DR
OE35 AT2G37560 DR
OE39 AT4G13670 DR
OE44 AT5G23290 DR
OE46 AT3G09580 DR
OE49 AT5G48440 DR
OE56 AT5G48470 DR
OE57 AT2G25605 DR
OES58 AT5G11450 DR
OEG65 AT2G31040 DR
OEG66 AT2G05170 DR
OE71 AT1G53120 DR
OE79 AT1G01920 DR
OE81 AT1G03760 DR
OES83 AT1G07645 DR
OE84 AT1G08710 DR
OE86 AT1G10830 DR
OES88 AT1G12790 DR
OES89 AT1G13990 DR
OE93 AT1G27530 DR
OE9%4 AT1G31860 DR
OE96 AT1G42990 DR
OE97 AT1G48270 DR
OE99 AT1G60600 DR
OE100 AT1G62250 DR
OE101 AT1G65020 DR
OE102 AT1G65230 DR
OE103 AT1G65900 DR
OE106 AT1G73350 DR
OE107 AT1G76250 DR
OE1l14 AT2G20940 DR
OE115 AT2G22370 DR
OE116 AT2G22650 DR
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OE117
OE119
OE120
OE121
OE122
OE124
OE128
OE130
OE132
OE133
OE134
OE135
OE137
OE141
OE161
OE162
OE177
OE1 6
OE2_1
OE3 1
OE3_2
OE3_36
OE3_8
OE3 9
OE1 3
OE2_ 3
OE3_33
OE3 27

AT2G34090
AT2G42780
AT2G43400
AT2G45990
AT2G46060
AT3G04560
AT3G09210
AT3G10572
AT3G14110
AT3G15110
AT3G15180
AT3G20070
AT3G24315
AT3G48120
AT4G30840
AT4G31460
AT5G11030
AT2G40316
AT1G76450
AT2G20980
AT2G31890
AT1G56345
AT3G46200
AT3G61080
AT1G68080
AT3G20490
AT1G63980
AT1G50170

DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
DR
nDR
nDR
nDR
SCR
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Additional table S4.1-S4.6

Table S4.1 Genes with OE soil growth phenotype and a KO phenotype.

Mutant_ID Gene Protein description OE phenotypes KO phenotyp

OE2 AT1G74880 subunit NDH-O of small no
NAD(P)H:plastoquinone postillumination
dehydrogenase complex fluorescence
(Ndh complex) present in transient; low
the thylakoid membrane of sensitivity to
chloroplasts. This subunit antimycin A
is thought to be required (AA); lack of
for Ndh complex shifted AG
assembly. emissio?

OE®6 AT3G17590 Encodes the Arabidopsis Reduced fertility sexual sterility in
homologue of yeast SNF5 addition to a
and represents a conserved characteristic
subunit of plant SWI/SNF "bushy"
complexes phenotype?2

OE46 AT3G09580 FAD/NAD(P)-binding small Slightly sensitive
oxidoreductase family in ABA screen
protein

OEG66 AT2G05170 Homologous to yeast | small and purple; | poentially lethal
VPS11. Forms a complex no seeds (small seeds in
with VCL1 and AtVPS33. heterozygous
Involved in vacuolar silique)
biogenesis. The mRNA is
cell-to-cell mobile.

OE120 AT2G43400 ELECTRON-TRANSFERIlarge, late shorter siliques
FLAVOPROTEIN:UBIQ | flowering and less seeds;

UINONE
OXIDOREDUCTASE,
ETFQO; Encodes a unigu
electron-transfer
flavoprotein:ubiquinone
oxidoreductase that is
localized to the
mitochondrion. Mutants
are more sensitive to sug
starvation when plants ars
kept in the dark for long

e

D

periods.

Early senescence
in the darks3

1. Courteille A, Vesa S, Sanz-Barrio R, Cazale AC, Becuwe-LMkaarran |, Havaux M, Rey

P, Rumeau D: Thioredoxin m4 controls photosynthetic alternative elegatimvays in

Arabidopsis. Plant Physiology 2013, 161:508-520
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2. Brzeski J, Podstolski W, Olczak K, Jerzmanowski A: ldentibcatand analysis of the
Arabidopsis thaliana BSH gene, a member of the SNF5 gene fauibleic Acids Res 1999,
27:2393-2399.

3. Ishizaki K, Larson TR, Schauer N, Fernie AR, Graham IA, Leaver CJ:rificalaole of
Arabidopsis electron-transfer flavoprotein:ubiquinone oxidoreductase duringndaded

starvation. Plant Cell 2005, 17:2587-2600.
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Table S4.2 Genes with observed OE stress phenotypes and theorresponding KO
phenotypes. Numbers in parentheses are phenotype scores. SG stands fagrosdih’. PL

stands for ‘potentially lethal’. Phenotype categories in KO puldigia® be found in Lloyd and

Meinke, 2012 (cited in Table 4.5).

Mutant_ID Gene OE phenotype KO Observed KO Published
OEl AT5G15750 sucrose(4) root(1)

OE1l1 AT3G25470 salt(2), sucrose(4) SG(flowering)

OE35 AT2G37560 salt(4) PL ESN
OE44 AT5G23290 salt(4) MRP
OE57 AT2G25605 ABA(4) sucrose(4)

OE58 AT5G11450 salt(2),coldgro(2) MRP1
OE71 AT1G53120 salt(2)

OE79 AT1G01920 salt(2),coldgro(4) salt(2)

OES81 AT1G03760 salt(2),coldgro(4)

OES86 AT1G10830 coldgro(4) MRP?2
OES88 AT1G12790 coldgro(4) MRP3
OE89 AT1G13990 ABA(2), sucrose(2)

OE93 AT1G27530 salt(2), sucrose(2)

OE96 AT1G42990 coldgro(2) CND*
OE99 AT1G60600 sucrose(2) SG(lethal) ESN
OE100 AT1G62250 coldgro(2) coldgro(2)

OE101 AT1G65020 salt(4),coldgro(2)

OE103 AT1G65900 coldgro(4)

OE106 AT1G73350 coldgro(4) PL

OE107 AT1G76250 sucrose(4)

OE115 AT2G22370 sucrose(2) SG(multiple) MRP®
OE121 AT2G45990 ABA(2) sucrose(4)

OE177 AT5G11030 sucrose(4),coldgro(R) SG(seg) MRP®
OE3_1 AT2G20980 coldgro(2)

OE3_36 AT1G56345 salt(4),root(4) sucrose(1),coldgro(2),root(R)

1. Roose JL, Frankel LK, Bricker TM: Developmental defects inamtstof the PsbP domain
protein 5 in Arabidopsis thaliana. PLoS One 2011, 6:€28624.
2. Chen Y, Li F, Wurtzel ET: Isolation and characterization of ZRKSO gene encoding a

missing component of carotenoid biosynthesis in plants. Plant Physiology 2010, 153:66-79.
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3. Wijeratne AJ, Chen CB, Zhang W, Timofejeva L, Ma H: The Atapsis thaliana PARTING
DANCERS gene encoding a novel protein is required for normal melmimologous
recombination. Molecular Biology of the Cell 2006, 17:1331-1343.

4. Humbert S, Zhong S, Deng Y, Howell SH, Rothstein SJ: Alterasfothe bZIP60/IRE1
pathway affects plant response to ER stress in Arabidopsis thaliana. PLoS One 2012, 7:€39023.
5. Zheng Z, Guan H, Leal F, Grey PH, Oppenheimer DG: Medataunit18 controls flowering

time and floral organ identity in Arabidopsis. PLoS One 2013, 8:€53924.

6. Celenza JL, Grisafi PL, Fink GR: A Pathway for Laterab®&Formation in Arabidopsis-

Thaliana. Genes & Development 1995, 9:2131-2142.
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Table S4.3 Genes with both OE and KO stress phenotypeBrotein descriptions are from

TAIR. Numbers in parentheses are phenotype scores.

Mutant_ID |Gene Protein Description OE phenotype | KO Obsered

OES57 AT2G25605 | unknown protein ABA(4) sucrose(4)

OE79 AT1G01920 | SET domain protein salt(2),coldgrogalt(2)

OE100 AT1G62250 | unknown protein : coldgro(2) coldgro(2)

OE121 AT2G45990 | unknown protein ABA(2) sucrose(4)

OE3_36 AT1G56345 | Pseudouridine salt(4),root(4) sucrose(1),coldgro(2),root(
synthase family 2)
protein
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Table S4.4 DR OE lines without phenotypes and their corregmding KO phenotypes.
Numbers in parentheses are phenotype scores. PL stands for ‘petégttial’. YG stands for
‘vellow green’. Phenotype categories in KO published can be foundydldnd Meinke, 2012

(cited in Chapter 3 main text).

Mutant_ID Gene KO Observed KO Published
OE5 AT5G63460

OES8 AT3G05210Q CNDt
OE18 AT2G3909(Q salt(2)

OEZ28 AT2G4487(

OE39 AT4G13670Q coldger(YG) CND?
OE56 AT5G4847Q PL

OEG65 AT2G3104Q coldger(YG) MRP3
OES83 AT1G07645 aba(4), salt(2)

OE84 AT1G0871C

OE9%4 AT1G31860 PL ESN
OE97 AT1G4827Q SG(seq) CND*
OE102 AT1G65230 sucrose(2)

OE114 AT2G2094(

OE116 AT2G2265(

OE117 AT2G3409(

OE119 AT2G42780 aba(4)

OE124 AT3G0456(

OE130 AT3G10572 PL ESN°
OE132 AT3G1411( ESN
OE133 AT3G1511¢

OE134 AT3G15180 PL

OE135 AT3G20070 PL ESN
OE137 AT3G24315

OE141 AT3G4812(

OEl1_6 AT2G40316

OE2 1 AT1G7645(

OE3 2 AT2G31890 PL

OE3 8 AT3G4620(

OE3_9 AT3G6108(

1. Dubest S, Gallego ME, White CI: Roles of the AtErccl pmotei recombination. Plant

Journal 2004, 39:334-342.
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2. Zhong L, Zhou W, Wang H, Ding S, Lu Q, Wen X, Peng L, Zhang L, L@oroplast small
heat shock protein HSP21 interacts with plastid nucleoid protein pTAG5saessential for
chloroplast development in Arabidopsis under heat stress. Plant Cell 2013, 25:2925-2943.
3. Ruhle T, Razeghi JA, Vamvaka E, Viola S, Gandini C, Kleine T, Srhann D, Barbato R,
Jahns P, Leister D: The Arabidopsis protein CONSERVED ONLY TNE GREEN
LINEAGE160 promotes the assembly of the membranous part of the chlstrédiP synthase.
Plant Physiology 2014, 165:207-226.

4. Chen JG, Pandey S, Huang JR, Alonso JM, Ecker JR, Assmann SM, JonéE€RWcan act
independently of heterotrimeric G-protein in response to brassinastesad gibberellins in
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Table S4.5 OE and KO phenotypes for genes encoding componentspodtein complexes.
SG stands for ‘soil growth’. PL stands for ‘potentially leth&henotype categories in column
‘KO published’ can be found in Lloyd and Meinke, 2012 (cited in Table 4.5nhd®¥@es in ‘KO

published’ come from publications cited in Table 4.1, Table 4.2, Table 4.4 and Table 4.5.

Mutant_ID Gene OE phenotype categories KO observed KO published
OE2 AT1G7488(0 SG, stress CLB

OE6 AT3G17590 SG MRP

OE18 AT2G39090 stress NULL

OE35 AT2G3756Q stress PL ESN

OE44 AT5G2329Q stress MRP

OEG66 AT2G0517Q SG PL NULL

OE115 AT2G22370 stress SG MRP

OE119 AT2G4278( stress NULL

OE3 1 AT2G20980 stress NULL
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Table S4.6 OE and KO phenotypes for genes encoding chloropldstated proteins. SG
stands for ‘soil growth’. PL stands for ‘potentially lethal’. Phepetgategories in column ‘KO
published’ can be found in Lloyd and Meinke, 2012 (cited in Table 4.5). Plpasoty ‘KO

published’ come from publications cited in Table 4.1, Table 4.2, Table 4.4 and Table 4.5.

Mutant_ID | Gene OE phenotype KO observed KO Published
OE2 AT1G7488(0 SG, stress CLB
OE5 AT5G63460

OE28 AT2G4487Q

OE39 AT4G13670 stress CND
OE46 AT3G09580 SG stress

OE49 AT5G4844Q SG

OE56 AT5G48470Q PL

OE58 AT5G1145Q stress MRP
OEG65 AT2G31040 stress MRP
OE71 AT1G5312Q stress

OE86 AT1G1083Q stress MRP
OES88 AT1G1279Q stress MRP
OE89 AT1G1399Q stress

OE93 AT1G27530 stress

OE9%4 AT1G31860Q PL ESN
OE99 AT1G6060Q stress PL ESN
OE102 AT1G6523( stress

OE103 AT1G65900 stress

OE116 AT2G2265(

OE121 AT2G45990 stress stress

OE124 AT3G0456(

OE128 AT3G09210 SG

OE132 AT3G1411¢ ESN
OE133 AT3G1511(4

OE161 AT4G30840 SG, stress

OE1_6 AT2G40314

OE2_1 AT1G7645(

OE3 2 AT2G3189( PL

OE3 9 AT3G6108(

OE3_27 AT1G50170 stress stress (knockdowpESN
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Additional figure S2.1-S2.3
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Figure S2.1 Proportion of genes with homozygous SALK lines in the four beets.

0.6 0.8

Proportion of genes with HM SALK lines
04

0.0

194



Seed Reproductive Vegetative

= £+ 2 |

(=} o

o 2

s} o

o

=)

w 3 — o |

=° s o

B — S

:

I —

o H —_

° T T T T = T T T T ° T T T T

DR LSS sD oT DR LSS sD oT DR LSS sD oT

Figure S2.2 Phenotype proportion distribution among the three dtasets in the three

phenotypic categories.
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Figure S2.3 Phenotype percentages for single-copy genes with differennservation levels.

Additional figure M3.1-M3.6
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Figure M3.1 Expected gel image in SALK Iline genotyping (modified from

http://signal.salk.edu/tdnaprimers.2.html).
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12 7 11 14 21 12

Figure M3.2 Plate arrangement for ABA, mannitol, sirose, salt, cold growth, heat/heat
recovery (left), root (middle) and cold germination screens (right). The numbers are

mutant_IDs, each representing a SALK line. WT is tlontrol, representing wild type ColO.
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WT

Figure M3.3 Plate arrangement for Kanamycin screens (left) anearly heat, heat recovery
and cold growth plates (right). The numbers in parentheses represent different individuals in

the same SALK line.
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Figure M3.4 Phenotype scores (blue numbers) based on planzei(A) and a typical ‘seg’
line (B).
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Figure M3.5 Root image and phenotype scores (bluaimbers).
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fre>1

Score —————> Numberic Calculate Average 2.5< Avg<3.5
‘1, \Lfre=1 ¢
Seg Single read Score '3’
Avg<2.5 Avg>3.5

Number of '3' (s) 0 / ll \ >1/ ll \ 0
Score (triall) 1 2 3 4 5
Score (trial2) 3l,\<3/l,3 1/\5 31,\ >3/1,3
Final score 2 1 3 2 4 3 5 4

Figure M3.6 Phenotype scoring. ‘fre’ stands for ‘fequency’.
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Additional figure S3.1-S3.2

Figure S3.1. Phenotype of mutant 34 in mannitol screen.
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Figure S3.2 Phenotype in cold germination screen famutant 39. The two replicates of

mutant 39 were circled.
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