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ARTICLE INFO ABSTRACT

Keywords: The visual phenotypes afforded by flavonoid pigments have provided invaluable tools for modern genetics. Many
Transparent Testa Arabidopsis transparent testa (tt) mutants lacking the characteristic proanthocyanidin (PA) seed coat pigmentation
Flavonoid and often failing to accumulate anthocyanins in vegetative tissues have been characterized. These mutants have
i;‘);r:c};‘;zzmdi“ significantly contributed to our understanding of flavonoid biosynthesis, regulation, and transport. A compre-

hensive screening for tt mutants in available large T-DNA collection lines resulted in the identification of 16
independent lines lacking PAs and anthocyanins, or with seed coat pigmentation clearly distinct from wild type.
Segregation analyses and the characterization of second alleles in the genes disrupted by the indexed T-DNA
insertions demonstrated that all the lines contained at least one additional mutation responsible for the tt
phenotypes. Using a combination of RNA-Seq and whole genome re-sequencing and confirmed through com-
plementation, we show here that these mutations correspond to novel alleles of ttgl (two alleles), tt3 (two
alleles), tt5 (two alleles), ban (two alleles), tt1 (two alleles), and tt8 (six alleles), which harbored additional T-
DNA insertions, indels, missense mutations, and large genomic deletion. Several of the identified alleles offer

Forward genetics
T-DNA insertion

interesting perspectives on flavonoid biosynthesis and regulation.

1. Introduction

Flavonoid formation continues to be one of the best characterized
plant specialized metabolite biosynthesis pathways [1-3]. Over the past
three decades, Arabidopsis transparent testa (tt) mutants lacking proan-
thocyanidins (PAs) in the seed coat, and sometimes deficient in an-
thocyanins in vegetative tissues, have significantly contributed to ad-
vancing our understanding of the biosynthesis, regulation and storage
of flavonoid compounds [4,5]. Today, there are 19 known loci in Ara-
bidopsis that encode products required for seed coat PA accumulation,
and several also affect anthocyanin accumulation [3,6].

The first committed step in the flavonoid biosynthesis pathway is
catalyzed by chalcone synthase (CHS) [5,7], encoded by TT4
(At5g13930, Supplementary Fig. S1 and Supplementary Table S1). The
resulting naringenin chalcone is the substrate for a chalcone isomerase
(CHI) [5,8], encoded by TT5 (At1g51670), which converts chalcone
into a flavanone (e.g, naringenin). Flavanones can be first hydroxylated
in the B-ring by a flavanone 3-hydroxylase (F3H, encoded by TT6,
At3g51240) [9,10] and then in the C-ring by a flavonoid 3’-hydroxylase
(F3'H, encoded by TT7, At5g07990) [11]. The resulting 3-hydroxy
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flavanones can be converted into flavonols by the action of flavonol
synthases (FLS1 and FLS3, At5g08640 and At5g63590) [12,13], or re-
duced to flavan-3,4-diols (leucoanthocyanidins) by the action of dihy-
droflavonol 4-reductase (DFR, encoded by TT3, At5g42800) [8,14].
Leucoanthocyanidins are then oxidized by the action of a leucoantho-
cyanidin dioxygenase (LDOX, a.k.a anthocyanidin synthase, ANS,
At4g22880) to 3-hydroxyanthocyanidins [15-17]. In Arabidopsis seed
coats, 3-hydroxyanthocyanidins serve as the precursors for the forma-
tion of flavan-3-ol subunits by the catalytic reaction of anthocyanidin
reductase (ANR, encoded by BANYLUS, BAN, At1g61720) [18-20]. The
flavan-3-ol subunits (such as catechins and epicatechins) are then be-
lieved to be transported to the vacuole and polymerized to form PAs (or
condensed tannins) that provide the characteristic brown color to seeds
with the involvement of a membrane trafficking factor GFS9 (TT9,
At3g28430) [21], the glutathione S-transferase phi 12 (TT19,
At5g17220) [22], the multi-antimicrobial extrusion protein (MATE)
transporter (TT12, At3g59030) [23,24], the tonoplast P35-ATPase
AHA10 (TT13, Atl1gl7260) [25,26], and the laccase-like enzyme LAC15
(TT10, At5g48100) [27]. However, in Arabidopsis vegetative tissues,
particularly under stress conditions, anthocyanidins undergo a series of
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glycosylations and other modifications, resulting in the formation of
more than 14 different kinds of anthocyanins [28-31].

The regulation of Arabidopsis flavonoids is also well described [32].
As in other plants, the interplay between R2R3-MYB and basic helix-
loop-helix (bHLH) transcription factors with the participation of a WD
protein is essential for both anthocyanin and PA accumulation, al-
though the specific members of each of these groups can vary [33-36].
For example, PA accumulation is largely controlled by TT2 (MYB123,
At5g35550) [37] and TT8 (bHLHO042, At4g09820) [38], with the par-
ticipation of TTG1 (TRANSPARENT TESTA GLABRA1, At5g24520), a
WD protein that also participates in the control of trichomes and root
hairs [39-41]. Meanwhile, WRKY (TTG2/WRKY44, At2g37260)
[42,43] and WIP (TT1/WIP1, At1g34790) [44,45] transcription factors,
an  UDP-glucose:sterol glucosyltransferase (TT15/UGT80B1,
At1g43620) [46,47], and a MADS-box transcription factor (TT16/
AGL32, At5g23260) [47-49] also contribute to PA accumulation and
deposition. Anthocyanin regulation is controlled by the combinatorial
action of PAP1/MYB75 (At1g56650) and related R2R3-MYB genes
PAP2/MYB90 (At1g66390), MYB113 (Atlg66370), and MYB114
(At1g66380) [50,51]1, working in concert with GL3 (bHLHO01,
At5g41315) and EGL3 (bHLH002, At1g63650), two bHLH transcription
factors that also participate in trichome formation [52,53]. Previous
studies also indicated the participation of TT8 in anthocyanin accu-
mulation [53], involving a MAPK cascade activated by sucrose sig-
naling [54]. TTG1 participates in all these PHLH-MYB interactions [55].
Other anthocyanin regulators have been described, including the small
MYB proteins MYBL2 (R3-MYB, At1g71030) and MYBD (At1g70000)
that negatively control pigmentation [56,57], and the homeodomain
protein ANTHOCYANINLESS2 (ANL2, At4g00730) that represses an-
thocyanin accumulation in subepidermal, but not in epidermal cells
[58].

In this study, we asked the question of whether new genes involved
in seed coat pigment formation could be identified from the very large
indexed T-DNA collections [59] propagated and distributed by the
Arabidopsis Biological Resource Center (ABRC). By systematically
screening the T-DNA collections propagated by ABRC, we identified 16
independent lines with transparent testa (tt) phenotypes and annotated
T-DNA insertion sites. However, using a combination of second allele
characterization and segregation analyses, we determined that the
genes harboring the indexed T-DNA insertions in these mutants were
not responsible for the tt phenotypes. To characterize the causative
genes for the tt phenotypes, we first investigated whether the 16 mu-
tants also affected anthocyanin accumulation. Through a combination
of RNA-Seq analyses on Arabidopsis seedlings under anthocyanin in-
ductive conditions (AIC) and whole genome re-sequencing of pooled
mutant tissues, we determined that the 16 mutations corresponded to
new alleles of tt1 (two mutant lines), tt3 (two mutant lines), tt5 (two
mutant lines), ban (two mutant lines), tt8 (six mutant lines), and ttgl
(two mutant lines). The causative mutations in the known flavonoid
genes are diverse, including T-DNA insertions, indels, missense muta-
tions in coding regions, and large deletions of genomic region.

2. Materials and methods
2.1. Chemicals, plant materials, and growth conditions

All the chemicals and HPLC grade solvents were purchased from
Sigma. Arabidopsis thaliana (L.) accession Columbia-0 (Col-0), 16 mu-
tants with tt phenotypes, and second alleles were obtained from the
ABRC (Columbus, OH). The information of the newly identified 16
mutants and second alleles used in this study are listed in Table 1 and
Supplementary Table S2. All the plants were grown in Suremix growth
media (Michigan Grower Products Inc, MI, USA) under controlled
conditions (22 °C and 16 h light/8 h dark photoperiod).
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2.2. Constructs for complementation

The pENTRY clones for TTG1 (TOPO-U06-HO05) and TT8 (TOPO-
U08-D02) were obtained from the ABRC, and subsequently integrated
into the pGWB502 binary vector [60] to make the p35S::TTG1 and
p35S::TT8 constructs via LR reactions, which were catalyzed by
Gateway® LR Clonase® II enzyme mix (ThermoFisher Scientific, CA,
USA) by in vitro recombination. The resulting constructs were then in-
troduced into Agrobacterium tumefaciens strain (GV3101) and used for
transformation as follows: p35S::TTG1 construct into two ttgl alleles
(ttg1-23, SALK 012389 and ttgl-24, SAIL_1175_C01) and p35S::TT8
construct into four #8 alleles (t8-9, SALK_010879; t8-10,
SALK 137974; tt8-12, SALK 206210; and tt8-13, SAIL 239_Cl11) by
floral dip method [61].

For selection of transformed lines, seeds were surface-sterilized and
cultured on Murashige and Skoog (MS) solid media [62] including 5 %
sucrose with hygromycin (50 mg/L). For selection, seeds were in-
cubated in 4 °C for two days for stratification and placed at 22 °C with
16 h light/8 h dark photoperiod for germination and growth.

2.3. DMACA staining assay

For the DMACA (p-dimethylaminocinnamaldehyde) staining assay,
Arabidopsis seeds were stained with the reagent (2 % [w/v] DMACA in
3M HCI with 50 % methanol) for two days at room temperature to
characterize spatial patterns of proanthocyanidin accumulation in seed
coats [63]. The stained seeds were then washed three times with 70 %
ethanol before taking pictures with a Nikon SMZ1500 camera with
Nikon WD54 HR Plan Apo lens (Tokyo, Japan).

2.4. Anthocyanin inductive condition

For AIC, we carried out the experiments as previously reported [64].
Briefly, surface-sterilized seeds were plated into water containing 3 %
sucrose and incubated two days at 4 °C for stratification. After cold
treatment of two days, the seeds were cultured under continuous cool-
white light with 20 rpm shaking at 23 °C for four days. For naringenin
(Nar) complementation, Arabidopsis seedlings were first grown under
AIC for three days and then Nar was added to a final concentration of
100 uM for 24 h.

2.5. Anthocyanin extraction and analysis

Arabidopsis seedlings were first grown under AIC with and without
Nar for four days (24 h with Nar treatment). Seedlings were then lyo-
philized and dry tissue weighted. Total anthocyanins were extracted in
50 % methanol containing 3 % formic acid at 50 ug of dry weight per pL
of extraction buffer overnight at room temperature. The extracts (20 pL)
were analyzed with a 2695 Alliance HPLC system (Waters Corp.,
Beverley, MA) on a Symmetry C18 column (Waters, 3.5um
4.6 x 75mm) at 35 °C with flow rate 1 mL/min. Buffer A corresponds
to 5 % formic acid in water and buffer B to 5 % formic acid in acet-
onitrile. The gradient running condition was: 0 min, 100 % A and 0 % B;
20 min, 75 % A and 25 % B; 22 min, 20 % A and 80 % B; 22.1 min, 0 %
A and 100 % B; 25 min, 0 % A and 100 % B; 25.1 min, 100 % A and 0 %
B; and 30 min, 100 % A and 0 % B. Anthocyanin profiles were recorded
at 532nm and individual anthocyanin peaks from the HPLC were col-
lected and applied to the LC-MS/MS to determine anthocyanin com-
position. The LC-MS/MS running condition and data analysis is
adapted from [64].

2.6. Arabidopsis genomic DNA extraction and PCR amplification
Briefly, Arabidopsis leaves (~200 mg) were grounded into powder

and mixed with 1 mL of urea buffer (7 M of urea, 350 mM of NaCl,
50mM Tris-HCl pH 8.0, 20mM EDTA pH 8.0, 1 % w/v N-
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lauroylsarcosine). Then, 0.7 mL mixture of phenol:-
chloroform:isoalcohol (25:24:1) was added and vortexed. After cen-
trifugation, the upper aqueous phase (~0.7 mL) was mixed with 100 pL
of 3M NaOAc, and 1 mL of isopropanol for two hours at —20°C to
precipitate genomic DNAs. After incubation, the precipitated genomic
DNAs were cleaned with 70 % ethanol and resuspended with water.
20 ng of gDNA was used as template in PCR.

The primers for confirming the indexed T-DNA insertions were de-
signed by the iSect tool (http://signal.salk.edu/tdnaprimers.2.html)
and synthesized by Integrated DNA Technologies (Skokie, IL, USA).
PCR reactions were performed using Taq DNA Polymerases (NEB, MA,
USA) followed by manufacturer protocols. PCR amplicons were then
precipitated and purified for sequencing. The sequenced results were
then aligned with Arabidopsis genomic sequence and located the in-
dexed T-DNA insertion sites.

2.7. RNA-seq analysis

Total RNAs were extracted from Arabidopsis seedlings under AIC for
four days using QIAGEN RNeasy Plant Mini Kit (Qiagen, Germany)
according to the manufacturer’s instructions. Around 1 pg of RNA was
used for construction of RNA-seq library (TruSeq Stranded mRNA,
Mlumina, CA, US). The resulting RNA-Seq library with around 300 bp
insertion sizes was sequenced with 50 single-end on an Illumina se-
quencing platform (Illumina Hiseq 4000, Ohio State University CCC-
Genomics Shared Resource, OH, USA).

RNA-Seq single-end reads were first evaluated for quality using
FastQC (v.0.11.5) [65]. The reads were then aligned to the Arabidopsis
reference genome (TAIR 10) using Hisat2 (v 2.1). Raw read counts for
gene features was then quantified from these alignments using fea-
tureCounts (v1.6.2). Transcripts levels were then calculated in tran-
scripts per million (TPM). Using the partial replicates of the library, R
package DESeq2 [66] was employed to calculate the dispersion of the
wild type samples and normalized log counts and to obtain the fold
change of the 16 mutant samples.

2.8. Whole genome sequencing

Total genomic DNAs from pooled leaves of 30 Arabidopsis BC;F3
plants (&t phenotype) were extracted using Wizard Genomic DNA
Purification Kit (Promega, WI, US). The pooled gDNA samples were
then sent to BGI genomic services (http://www.genomics.cn/en/index)
for 100 bp paired-end Illumina sequencing.

Quality of sequencing reads was evaluated using FastQC (v.0.11.5)
[65] and a PHRED-scaled quality scores of 20 was set as the cutoff. In
total, approximately 300 million paired-end reads were obtained
(Supplementary Table S5). Reads were aligned using Bowtie2 (v 2.3.4)
[67] to an in silico genome created by combining the reference TAIR10
Arabidopsis thaliana genome. A pseudo-chromosome was created by the
flanking sequences of the T-DNA. After alignment screening of the
mapped reads was performed to obtain junction reads which were de-
fined as any read pairs where one mate mapped to one of the Arabi-
dopsis chromosomes and the other to the T-DNA sequence (pseudo-
chromosome). The junction reads were then annotated back to the
corresponding genomic structure (gene or intergenic region). A visual
confirmation of the identified sites was carried out by displaying on the
Integrated genome browser (IGV).

2.9. Quantitative RT-PCR

Arabidopsis seedlings grown on MS media for seven days were used
for RNA extraction using the QIAGEN RNeasy Plant Mini Kit (Qiagen,
Germany). First-strand cDNA was synthesized from 1.5 ug of RNA using
SuperScript II Reverse Transcriptase (ThermoFisher Scientific, CA,
USA) and then diluted 1:5 with nuclease-free water. Quantitative PCR
was performed in a 10 pL of mixture including 5 uL of SYBR Green PCR
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Master Mix (ThermoFisher Scientific, CA, USA), 1.2 uL of gene specific
primer pair (0.6 pL of each 5 uM forward and reverse priemrs), and 2 pL
of the cDNA samples. Quantitative PCR was conducted by the ABI
QuantStudio 7 Flex PCR system (ThermoFisher Scientific, CA, USA)
with the following cycling conditions: 50 °C for 2 min, 95 °C for 10 min,
then followed by 40 cycles of 95 °C for 15, 58 °C for 10's, and 72 °C for
30s. PCR results were processed and visualized using QuantStudio
Real-Time PCR software v1.3 (ThermoFisher Scientific, CA, USA). The
experiments were performed in four biological replicates and the
housekeeping gene Actin2 was used as the internal control for nor-
malization of the expression levels. The 2744t method was used to
calculate the fold changes in gene exprression among samples [68].

2.10. Large datasets

The raw reads of RNA-Seq and whole genome re-sequencing were
deposited in the NCBI Gene Expression Omnibus and Sequence Read
Archive under accession number GSE129589 and PRJNA532932, re-
spectively.

3. Results

3.1. Characterization of transparent testa mutants from large T-DNA
collections

A visual screening of seeds obtained from propagating at ABRC
~100,000 lines derived from the SALK, SAIL, and GABI indexed T-DNA
collections resulted in the identification of 16 independent lines with
seed coat colors different from the Col-0 wild type. The seed coat colors
of the original seeds obtained from ABRC were often a mixture of
normal dark brown and abnormal yellow or dark grey, suggesting that
they had been collected from pools of segregating plants. Thus, seeds
with the tt phenotypes from all the 16 lines were planted and plants
allowed to self-pollinate to evaluate the uniformity of the color in the
subsequent generation (M; seeds), and to further verify that no color
segregation was present in the M, seeds, given that the seed coat is a
maternal tissue (Table 1).

3.2. Indexed T-DNA insertions are not responsible for the transparent testa
phenotypes

To determine which gene might be responsible for the mutant tt
phenotype in each of the lines, we investigated in TAIR (https://www.
arabidopsis.org/) the location of the respective indexed T-DNA inser-
tions. We also confirmed by PCR that the F; plants corresponding to all
16 mutants were homozygous for the indexed T-DNA insertions
(Supplementary Fig. S2). Suspiciously, none of the 16 genes or regions
with the confirmed T-DNA insertions had been previously associated
with flavonoid biosynthesis (Table 1 and Supplementary Table S2).

To determine whether the sequenced T-DNA insertions were indeed
responsible for the observed tt phenotypes, we took a two-pronged
approach (Fig. 1): For the first approach, when available, we obtained
second mutant alleles corresponding to the indexed T-DNA insertion
regions and evaluated the seed coat color in the self-pollinated plants
(Supplementary Table S2). However, the seed coat colors from all the
second alleles showed normal dark brown color, indistinguishable from
Col-0, indicating that the indexed T-DNA insertion were unlikely re-
sponsible for the tt phenotypes.

For the second approach, we backcrossed each of the new mutants
to Col-0, grew the BC;F; seeds and allowed them to self-pollinate
(BC;F, seeds, Fig. 1). The BC;F, plants were then analyzed by PCR for
the presence of the indexed T-DNA as homozygous or heterozygous,
and the seed coat colors of BC;F3 seeds were compared with the gen-
otypes of the T-DNA insertion alleles. The tt phenotypes were observed
from all seeds regardless of homo/heterozygosity for the indexed T-
DNA insertion. In addition, the color of all BC,;F; seeds was colorless as
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Fig. 1. Flowchart describing the step-by-step strategy to identify and validate the causative elements for the phenotypes in the 16 new tt mutants.

the same as in the tt maternal plants, while all BC;F, seeds displayed
brown wild-type color. In all BC;F3 seeds, Chi-square test validated that
the segregation ratios between colorless and brown seeds were ~1:3
(Supplementary Table S3). These results indicate that additional
monogenic recessive mutations elsewhere in the genome are re-
sponsible for the tt phenotypes in all the 16 newly identified mutant
lines.

3.3. Phenotypes of new transparent testa alleles

To assess if the new tt mutant alleles affected solely PA formation or
anthocyanin accumulation as well, PA accumulation in the seed coats of
all the mutants (BC;Fs;, Fig. 1) was examined by DMACA staining
(Fig. 2). Compared with the brown seed coat color of Col-0, two lines
(SALK_052000 and SAIL_874_C01) showed grey seed coat color, while
SALK 018552 and SALK 109926 seeds were colorless displaying a
brown spot at the chalazal-micropylar area (Fig. 2, first column from
the left), which was confirmed by the DMACA staining (Fig. 2, second
column from the left). The rest of the mutant lines have colorless seed
coats.

Next, we evaluated the anthocyanin accumulation in vegetative
tissues and also trichome formation in BC;F; mutant plants, since
several PA/anthocyanin mutants are also defective in leaf hair forma-
tion [69]. A visual observation followed by absorbance of acidic me-
thanol extracts at 535nm (As3s) revealed that anthocyanin pigments
were absent or barely detectable in AIC-grown seedlings from six mu-
tants (SALK 012389, SAIL_1175_C01, SAIL_649_G09, SAIL_1180_D08,
SAIL_641_E01, and SALK 023403; Fig. 2, third column from the left).
The remaining ten mutants had similar or higher levels of anthocyanin
pigments, when compared to Col-0, indicated by the percentages of
anthocyanins relative to wild type Col-0 in analyses performed in

biological triplicates. In addition, two out of the six anthocyanin-defi-
cient mutants (SALK 012389 and SAIL_1175_C01) also displayed tri-
chome-less (glabrous) phenotypes (Supplementary Fig. S3).

A detailed analysis of the anthocyanin profiles resulting from the tt
mutations was performed by HPLC on seedlings grown in AIC in the
presence or absence of Nar (Fig. 2). AIC enables very young seedlings to
accumulate high anthocyanin levels within a few days, while the ad-
dition of Nar permits to determine if the mutation causes a block in the
pathway upstream or downstream of CHI (Supplementary Fig. S1) [70].
Thus, we investigated anthocyanin profiles in all the 16 mutants after
feeding 100puM Nar for 24h (AIC + Nar, Fig. 2). Four mutants
(SALK 012389, SAIL 1175_C01, SAIL 649 G09, and SAIL_1180_D08)
accumulated no anthocyanins, irrespective of whether Nar was supplied
or not (top four mutant lines in Fig. 2), indicating that those lines
harbored mutations in pathway genes downstream of CHI, or in
pathway regulators. In contrast, Nar restored the pigmentation of
SAIL_641_E10 and SALK 023403, indicating that these lines harbored
mutations in TT5, TT4 or a gene further upstream in the pathway. The
remaining ten mutants showed normal anthocyanin pigmentation in
AIC, albeit some quantitatively different from Col-0 (Fig. 2).

Based on all the observed phenotypes from the 16 mutants, we ca-
tegorized them into six groups (Fig. 2): Group 1, two mutants
(SALK_ 012389 and SAIL_1175_C01) with glabrous phenotypes and un-
able to accumulate PAs or anthocyanins. Group 2, two mutants
(SAIL_649_G09 and SAIL_1180_DO08) unable to accumulate PAs or an-
thocyanins, but displaying normal trichomes. Group 3, two mutants
(SAIL 641 _E10 and SALK 023403) unable to accumulate PAs or an-
thocyanins, but anthocyanin pigmentation is recovered following Nar
addition. Group 4, two mutants (SALK 052000 and SAIL_874_C01)
appear defective in the PA pathway and have dark grey seed coat color.
Group 5, two mutants (SALK_018552 and SALK_109926) also defective
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in the PA pathway except for PA accumulation at the chalazal-micro-
pylar area. Both Group 5 mutants accumulate significantly higher
amounts of anthocyanins than Col-0 under AIC. Group 6, six mutants
(GK-089HO05, SALK 010879, SALK 137974, SALK 205661,
SALK_ 206210, and SAIL_239_C11) that fail to accumulate PAs, but have
similar anthocyanin levels and profiles as Col-0.

3.4. RNA-seq and whole genome re-sequencing identify the loci responsible
for the transparent testa phenotypes

As a strategy to characterize candidate loci defective in these 16

Plant Science 291 (2020) 110335

mutants, we conducted RNA-Seq analyses with mRNAs obtained from
seedlings grown under AIC for four days to examine global changes of
gene expression against Col-0, especially focusing on genes involved in
flavonoid biosynthesis, regulation and sequestration (Supplementary
Table S1). This analysis was performed considering the phenotypic
characterization described in the previous section. Because the objec-
tive was to score presence/absence of pathway gene transcripts or ab-
normal read distribution (including abnormal transcript structures)
using a genome browser, and in that way infer the provenance of the
mutant phenotype, only one RNA-Seq replicate for each of the mutants
and two replicates for Col-O0 were initially done (Fig. 3 and
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Fig. 2. (continued)

Supplementary Table S4). This analysis permitted us to hypothesize
that two of the mutant alleles corresponded to ttgl, two to tt3, two to tt5
and six to tt8. We provide below a brief description of how the RNA-Seq
results suggested lesions in these genes.

RNA-Seq analysis revealed a large region in the exon of TTG1 with
no reads in SALK_ 012389 and complete absence of expression of TTG1
and four nearby genes (At5g24490, At5g24500, At5g24510, and
At5g24530) in SAIL_1175_CO1 (Fig. 4A and B). In the SALK_ 012389 and
SAIL_1175_C01 mutants, which we tentatively named ttg1-23 and ttgl-
24 respectively, transcript abundances of many flavonoid pathway
genes including core flavonoid genes (TT4, TT5, TT6, TT7, TT3, LDOX,
and TT19), anthocyanin decoration genes (3GT, UGT79B1, 3AT1, 3AT2,
5GT, 5MAT, and SAT), and a regulatory gene (TT8) were significantly

reduced (Fig. 3). The reduced mRNA accumulation of anthocyanin
biosynthesis genes in the mutants is consistent with previous results
that showed TTG1 controls several late anthocyanin pathway genes as
well as TT8 [41,51]. Phenotypically, the two mutants displayed the
characteristic ttgl glabrous phenotypes (Table 1 and Supplementary
Fig. S3), and no anthocyanin or PA production (Fig. 2).

Under AIC conditions (either with or without Nar), two mutants
(SAIL_649_G09 and SAIL_1180_D08) failed to accumulate anthocyanins,
nor did they accumulate seed coat PAs (Fig. 2). RNA-Seq analyses of
these mutants showed minor effects on mRNA levels for other pathway
genes (Fig. 3), and examination of the RNA-Seq reads on each of the
pathway genes revealed that these two mutants had mutations in the
TT3 gene. In SAIL_649_G09, tentatively named tt3-4, a point mutation
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Fig. 3. Heat map summarizing gene transcript alterations for known loci related to flavonoid biosynthesis, regulation, and sequestration in 16 new tt mutants against
Col-0 by RNA-Seq analysis. ttg1-23, SALK_012389; ttgl1-24, SAIL_1175_CO01; tt3-4, SAIL_649_GO09; tt3-5, SAIL_1180_DO08; tt5-4, SAIL_641_E10; tt5-5, SALK_023403; ban-
5, SALK_052000; ban-6, SAIL_874_CO01; tt1-5, SALK_018552; tt1-6, SALK_109926; tt8-8, GK-089HOS5; tt8-9, SALK_010879; tt8-10, SALK_137974; tt8-11, SALK_205661;

tt8-12, SALK_206210; and tt8-13, SAIL_239_C11.

(G to A) was found from mapped reads in exon 3, which leads to a
missense mutation (GGA to AGA; Gly to Arg) at position 130 (G130A)
of the encoded DFR protein (Fig. 4C). In SAIL_1180_D08, tentatively
named tt3-5, an indel (3 bp deletion, resulting in the deletion of D233)
was identified in the fifth exon of TT3 (Fig. 4C). The crystal structure of
the DFR protein is available [71] and the G130A mutation is likely to
affect the substrate binding pocket and substrate specificity (Supple-
mentary Fig. S4 and S5) [72,92]. However, the structure does not help
understand the phenotype of the D233 deletion in SAIL_1180_D08, al-
though this residue is conserved in DFR proteins from several plants
(Supplementary Fig. S4).

Based on the RNA-Seq profiles (Fig. 3) combined with the antho-
cyanin-deficient phenotype that was complemented by Nar (Fig. 2), we
hypothesized that SAIL 641 E10 resulted from a T-DNA insertion or
genome deletion in TT5. In the RNA-Seq results of SAIL_641_E10, no
reads mapping to exons 2, 3, and 4 of TT5 were found. Instead, a large
number of reads were aligned to the intergenic downstream region of
TT5 (Fig. 4D, red trace). We named this allele tt5-4. The RNA-Seq re-
sults of SALK 023403 showed a significantly lower number of TT5
reads, compared to Col-0 (Fig. 4D, blue trace), but we could not find
any obvious mutation in the transcript reads. Thus, we subjected this
mutant to whole genome re-sequencing, and the results showed a T-
DNA insertion in the third intron of TT5 (Fig. 4E), and we tentatively
called this allele tt5-5. Genomic PCR using T-DNA and TT5 specific
primers validated the T-DNA insertion sites between 68 and 69 bp of
intron 3 in tt5-5. Accumulation of anthocyanin in AIC was completely
absent in tt5-4, while tt5-5 produced ~25 % of wild type (Fig. 2),
consistent with the lower levels of mRNA accumulation (Fig. 4D). In
both tt5-4 and tt5-5, TT5 mRNA levels were decreased compared to WT,
but those of other flavonoid pathway genes were only slightly altered
(Fig. 3).

The distribution of RNA-Seq reads for TT8 was found to be

abnormal in GK-089HO5 (tentatively named tt8-8), SALK 010879
(tentatively named tt8-9), SALK 137974 (tentatively named tt8-10),
SALK 205661 (tentatively named tt8-11), SALK_ 206210 (tentatively
named tt8-12), and SAIL 239 _C11 (tentatively named tt8-13). In tt8-8,
reads were mapped to part of intron 6 to create an extended version of
exon 7 (Fig. 5, red box I). To determine the nature of the mutation, DNA
fragments were PCR amplified from both genomic DNA and cDNA, and
subjected to sequencing. The sequenced results identified a 45 bp de-
letion in intron 6 of TT8, which makes the abnormal TT8 transcript
contain additional 39 nt. In t8-9, a large number of reads aligning to
intron 2 were observed (Fig. 5, red box II). Sequencing of this region
amplified from both genomic DNA and cDNA revealed that transcrip-
tion of intron 2 was the consequence of loss of the 3’ splicing site by a
41 bp deletion at the end of intron 2 and the beginning of exon 3. In tt8-
10, the RNA-Seq data suggested a possible T-DNA insertion in intron 2
or a large deletion downstream of the second intron, since the abnormal
TT8 transcript only contains exon 1 and an extended exon 2 (Fig. 5, red
box III). However, no genomic DNA fragments could be amplified using
a T-DNA end-specific and multiple TT8 gene-specific primers, sug-
gesting either a truncated T-DNA or a large deletion. In tt8-11, mapped
RNA-Seq reads revealed four nucleotides missing (GTAA) at the be-
ginning of exon 6, resulting in the loss of the correct 3’ splicing site
between intron 5 and exon 6 (Fig. 5, red boxes IV). Genomic DNA PCR
amplification and sequencing showed a 56 bp deletion at the end of
intron 5 and the beginning of exon 6. In tt8-12, the absence of reads
mapping to exons 3-7 suggested the possibility of a deletion or a T-DNA
insertion in intron 2 (Fig. 5, red box V). Sequencing results of PCR
fragments obtained by using a T-DNA-end and TT8 specific primer pair
from genomic DNA revealed a T-DNA inserted between base pairs 8 and
9 of intron 2, resulting in a truncated TT8 transcript including just
exons 1 and 2. In #t8-13, a partial TT8 transcript that lacks exon 1 and
part of exon 2 was detected by RNA-Seq, again suggesting a possible T-
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Fig. 4. Mapped results from RNA-Seq and whole genome re-sequencing ana-
lyses. (A) In ttg1-23 (SALK_012389), a T-DNA insertion or deletion is present in
exon 1 of TTG1; (B) ttgl1-24 (SAIL_1175_C01), a genome deletion across TTGI;
(C) In tt3-4 (SAIL_649_G09) and tt3-5 (SAIL_1180_D08), a point mutation (G to
A) and an indel (three bp deletion) were found in exons 3 and 5 of TT3, re-
spectively; (D) In tt5-4 (SAIL_641_E10), a truncated TT5 is expressed with no
exon 2-4, and lower mRNA accumulation of TT5 in tt5-5 (SALK_023403) was
observed. (E) A T-DNA insertion in intron 3 of TT5 was mapped by whole
genome re-sequencing in tt5-5. The colored reads highlighted the mismatched
sequence results to Arabidopsis genome that indicate candidate T-DNA insertion
site. Exon and UTR are represented by closed and open boxes, respectively.
Introns are indicated by a line between the exon boxes.

DNA insertion upstream of exon 2 (Fig. 5, red box VI). Indeed, a T-DNA
insertion site was identified by PCR from genomic DNA between base
pairs 127 and 128 of exon 2.
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As expected from the function of TT8 in regulating seed coat pig-
mentation [38,40], the six #t8 mutant alleles showed significant re-
duction of PAs (Fig. 2), while the total amount of anthocyanin under
AIC and the expression levels of anthocyanin biosynthesis genes in the
mutant seedling were comparable to Col-0 (Figs. 2 and 3). We noticed
that some seed batches of the tt8-8 and tt8-9 germinated at different
rates, leading to anthocyanin (Fig. 2) and gene expression profiles that
may be different from wild type, and also from the other four 8 alleles
(Supplementary Table S5). The different anthocyanin profiles were in
fact the reason why we subjected these mutants initially to RNA-Seq,
rather than to whole genome re-sequencing. More experiments will
need to be performed to establish to what extent these results suggest a
minor participation of TT8 in anthocyanin accumulation under AIC, or
may merely reflect different anthocyanin and gene expression profiles
as a consequence of seedling age heterogeneity because of germination
initiation differences.

Group 5 mutants (SALK 018552 and SALK_109926) accumulate
more anthocyanins than Col-0 under AIC (Fig. 2), but we could not infer
from the expression results which gene(s) may harbor the mutation(s)
(Fig. 3). Thus, we applied whole genome re-sequencing and identified
these two mutants as new alleles of TT1, named tt1-5 and tt1-6, re-
spectively (Fig. 6A and B). A possible insertion was mapped to the in-
tron of TT1 in tt1-5 (Fig. 6A), but genomic PCR using T-DNA and TT1-
specific primers was not able to amplify a DNA fragment. A C/G point
mutation that results in a missense mutation (C198W) was found in the
aligned reads in tt1-6 (Fig. 6B). The phenotypes of tt1-5 and tt1-6 are
consistent with results that reported PAs accumulated only at the cha-
lazal-micropylar area in tt1 mutants (Fig. 2) [44,73].

Similar to Group 5 mutants, but distinct from SAIL_874_CO01 (the
other Group 4 mutant), SALK 052000 accumulated more anthocyanins
in AIC than Col-0 (Fig. 2). Once again, we applied whole genome re-
sequencing and determined that the two Group 4 mutants correspond to
new alleles of BAN, tentatively named ban-5 and ban-6 (Fig. 6C and D).
These new ban alleles have the same phenotypes as the known BAN
mutant (ban-4, SALK_040250) that showed dark grey seed coat color
(Fig. 2) [74]. In ban-5, we found a 27 bp in-frame deletion in exon 4
(Fig. 6C). The ban-6 allele also showed a 10 bp deletion in exon 4
(Fig. 6D).

3.5. Validation of the identified loci by complementation

Since all 16 new mutants were preliminarily identified as new al-
leles of known flavonoid genes (two alleles of TTG1, two alleles of TT3,
two alleles of TT5, two alleles of BAN, two alleles of TT1, and six alleles
of TT8), two approaches were used to unequivocally verify the identity
of the mutations (Table 1). The first method was to investigate segre-
gation of the tt phenotypes by crossing our newly identified alleles with
characterized (reference) alleles of the same flavonoid genes and then
examining the seed coat color of the BC,F, progenies. Six T-DNA in-
sertion alleles including ttg1-21 (GK-580A05), tt3-2 (GK-295C10), tt5-2
(GK-176H03), ban-4 (SALK_040250), tt1-4 (SALK_107737) and tt8-7
(SALK_082999) were used as references for crossing the 16 new mu-
tants [6,74,75]. The seeds of the F, progenies were analyzed, and the
seed coat colors from all the crosses showed the tt phenotypes, without
any color segregation (Supplementary Fig. S6). The second approach
was to examine whether the tt phenotypes could be complemented by
transformation with the corresponding functional genes. The ttgl-23
and ttgl-24 alleles were transformed with functional TTG1 driven by
the CaMV 35S promoter (p35S::TTG1) and the seed coat color of the Ty
seeds was investigated in at least two independent lines for each
transformant. As observed in Supplementary Fig. S7, the seed coat
phenotypes of ttgl-23 and ttgl-24 were restored to dark brown in each
of the two lines investigated. In addition, the leaves of T, plants pro-
duced normal trichomes, complementing the glabrous phenotypes
(Supplementary Fig. S3). Similarly, we transformed the four new 8
mutant alleles (#8-9, tt8-10, tt8-12, and tt8-13) with p35S::TT8. The
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Fig. 5. Six abnormal TT8 transcripts were identified by RNA-Seq analysis. Extra reads mapped to part of intron 6 and intron 2 in #t8-8 (GK-089HO05, I) and tt8-9
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or missing reads. Exons and UTRs are represented by closed and open boxes, respectively. Introns are indicated by line between exons. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

transgene restored the brown seed coat colors of the T; seeds from tt8-9
and tt8-13 (again, two independent lines for each shown) was observed
(Supplementary Fig. S7). However, the same construct (p35S::TT8)
only partially restored the seed coat phenotype of tt8-12 to light brown,
and we observed no seed coat pigment accumulation for the trans-
formed tt8-10 allele in any of the 21 transgenic lines investigated
(Supplementary Fig. S7). To determine the presence of functional TT8
transcripts in the transformed 8 lines, RT-qPCR experiments were
performed using four primer pairs spanning across exons 1-2, exons
2-3, exons 5-6, and exons 6-7 (Supplementary Fig. S8). The RT-qPCR
results confirmed the expression of full-length TT8 transcripts in the
complemented transformed tt8-10 and tt8-12 lines. However, the ex-
pression levels of full-length TT8 mRNA levels were comparable in the
transformed (but partially or non-complemented) tt8-10 and tt8-12
lines, with those in the complemented tt8-9 and tt8-13 lines (Supple-
mentary Fig. S8). Thus, TT8 transgene expression is not the reason for
partial complementation by p35S::TT8 of the tt8-10 and t8-12 mutants.
However, the crosses of these alleles to tt8-7 showed that tt8-10 and tt8-
12 are bona fide tt8 alleles (Supplementary Fig. S6), suggesting that
some aspect of the mutant tt8-9 and tt8-13 alleles interferes with
transgene function. Understanding this will require additional in-
vestigation.

4. Discussion

The screening of large collections of indexed insertional mutants for
forward genetics has, and continues to be, a powerful tool in the quest
to establish plant gene function [76,77]. Thanks to the collaborative
nature of many members of the Arabidopsis community, the T-DNA

10

insertion mutant collection has grown over the past couple of decades
to over 325,000 lines [59,78-83]. Secondary mutations have been
identified in large-scale genetic screenings using the T-DNA collections,
although they have been rather infrequent [84,85]. From this per-
spective, our results are surprising in that all the 16 tt mutants phe-
notypically identified fail to correspond to the indexed T-DNA inser-
tions. Additional T-DNA insertions are frequent and the average
number of insertions per line in the SALK/GABI T-DNA collection was
estimated to be at least 1.5 [86]. Thus, it might have been expected that
several of the tt phenotypes were caused by a second insertion. How-
ever, out of the 16 new alleles, only three had obvious second T-DNA
insertions (one in intron 3 of TT5, one in exon 2 of TT8, and one in
intron 2 of TT8). The other mutations included eight deletions (one in
the exon of TTG1, one in exon 5 of TT3, one from intron 1 to exon 4 of
TT5, two in exon 4 of BAN, and one each in introns 2, 5, and 6 of TT8),
two missense mutations (in TT3 and TT1), one large deletion in TTG1,
and two insertion/deletion of unclear origin in TT1 and TT8. This high
frequency of secondary mutations not associated with intact T-DNA
elements is something that needs to be considered when using the T-
DNA insertional collections for forward genetics screens. The identified
mutations could correspond to spontaneous mutations that arose during
the propagation of the stocks [85], or from unsuccessful T-DNA inser-
tions, which can result in small insertion/deletions [93].

Identifying secondary mutations responsible for a phenotype can be
challenging. We took advantage of the pigment distribution in seedlings
under AIC, with and without Nar, and in the seed coat to classify the
mutants into six groups. We then used a ‘quick and dirty’ single RNA-
Seq replicate obtained from seedlings grown in AIC (and therefore ex-
pressing all the pathway genes at high levels) to determine if many
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Fig. 6. Whole genome re-sequencing helps identify cau-
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sative mutations for the tt phenotypes. In tt1-5
! (SALK_018552), a candidate T-DNA insertion is found in
intron 1 of TT1 (A). In tt1-6 (SALK_109926), a point mu-
tation (C to G) is found in exon 2 that creates a missense
mutation in TT1 (B). Two indels (27 bp and 10 bp dele-
tions) in exon 4 of BAN were identified in ban-5
(SALK 052000, C) and ban-6 (SAIL_874_C01, D), respec-
tively. The colored reads highlighted the mismatched se-
quence results to Arabidopsis genome that indicate candi-
date T-DNA insertion site or genetic lesion. Exons and
UTRs are represented by closed and open boxes, respec-
tively. Introns are indicated by lines between the exons.

GGIGCAG
GGIGGAG

ctw

TC CTCTCCGATCCTCCGAGTAGCTTATCT CT
TC CcT

27 bp deletion

D ban-6
64

e

0

— L o |y g

-7 ! BAN (AT1G61720.1)

GC ACTTATAGCC GG
GC GG

}
10 bp deletion

pathway genes were coordinately affected (indicative of a regulatory
mutation), and to align the reads against a set of 83 genes that we
identified as necessary for pigment formation (Supplementary Table
S5). Only in those instances in which we could not find a candidate
gene based on the metabolic or RNA-Seq analyses, we appealed to
whole genome re-sequencing (Supplementary Table S6). This sequen-
tial combination of approaches resulted in the relatively fast and in-
expensive identification of the gene defects responsible for the 16
mutations, which were ultimately validated by complementation and
crosses.

One unexpected result was the significantly higher anthocyanin
accumulation levels in seedlings under AIC for both tt1-5 and tt1-6
mutants (Fig. 2). TT1/WIP1 belongs to a six-member WIP domain
protein family (WIP1-6) or named the Ald subgroup in the Al family of
Arabidopsis C2H2 zinc finger proteins (AT-ZFPs). TT1 and the other
members of the Al family contain four zinc finger domains (ZF1-4)
[87]. In the tt1-6 mutant, the seed coat phenotype and higher antho-
cyanin accumulation are likely caused by the C198W mutation. Pre-
vious studies identified C198 as the second cysteine in the
“CX4CX20HX4H” pattern of ZF2 that is predicted as a critical zinc co-
ordinating residue [88]. TT1 has been characterized as a transcriptional
regulator that is involved in controlling PA accumulation in the seed
coat endothelium, with no obvious effects on anthocyanin biosynthesis
[44,45]. Moreover, other WIP proteins (WIP2 and WIP6) from the Ald
subgroup are involved in developmental processes [89,90]. Thus, TT1

11

could participate in controlling seedling development, and the observed
increase in anthocyanin accumulation is an indirect consequence of
this. Related to this, previous studies in Solanum tuberosum determined
that a member of the Ala subgroup, StPCP1, acts as a transcriptional
activator of a sucrose uptake transporter [91]. From this evidence, the
function of TT1 in a high sucrose environment could be to act as a
transcriptional repressor of sucrose transport. Thus, in ttI mutants,
more sucrose would be taken-up by the seedlings, resulting in increased
anthocyanin accumulation.

In conclusion, our unbiased analysis of indexed Arabidopsis T-DNA
insertion lines resulted in the identification of 16 new mutants affecting
flavonoid pigment formation. However, none of the indexed insertions
is responsible for the mutants ensuing the tt phenotypes. This result
should be a call to the community to be cautious when interpreting the
results of forward-genetic screens using T-DNA insertion collections,
and highlight the high frequency of mutations present in these lines.
The identified alleles also provide interesting new information re-
garding the role of PA biosynthesis enzymes and regulators on antho-
cyanin accumulation.
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