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Abstract

Arsenic stress causes rapid transcriptional responses in plants. However, transcriptional regulators 

of arsenic-induced gene expression in plants remain less well known. To date, forward genetic 

screens have proven limited for dissecting arsenic response mechanisms. We hypothesized that this 

may be due to the extensive genetic redundancy present in plant genomes. To overcome this 

limitation, we pursued a forward genetics screen for arsenite tolerance using a randomized library 

of plants expressing >2,000 artificial microRNAs (amiRNAs). This library was designed to knock-

down diverse combinations of homologous gene family members within sub-clades of 

transcription factor and transporter gene families. We identified six transformant lines showing an 

altered response to arsenite in root growth assays. Further characterization of an amiRNA line 

targeting closely homologous CBF and ERF transcription factors show that the CBF1,2 and 3 

transcription factors negatively regulate arsenite sensitivity. Furthermore, the ERF34 and ERF35 

transcription factors are required for cadmium resistance. Generation of CRISPR lines, higher-
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order T-DNA mutants, and gene expression analyses, further support our findings. These ERF 

transcription factors differentially regulate arsenite sensitivity and cadmium tolerance.

Summary statement:

The transcription factors (TFs) mediating resistance to arsenic and cadmium (Cd) remain largely 

unknown. A redundancy- and lethality-circumventing amiRNA screen uncovers CBFs as negative 

regulators of arsenite sensitivity and the ERF34 & 35 TFs as positive regulators mediating Cd 

resistance.
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Introduction

Arsenic (As) is a carcinogenic metalloid found widely in the environment (Clemens & Ma, 

2016; Cooper et al., 2020). Arsenic toxicity decreases crop yields, and accumulation of 

arsenic in edible crop tissues can cause contamination of the food chain and lead to severe 

human health problems (Clemens, 2019; Rai, Lee, Zhang, Tsang, & Kim, 2019; Abedi & 

Mojiri, 2020; Palma-Lara et al., 2020). For example, rice grain can accumulate up to 2.24 

mg/kg As and has become a dominant dietary exposure route to arsenic (As) (Gilbert-

Diamond et al., 2011; Pan, Wu, Xue, & Hartley, 2014). Thus, understanding the molecular 

mechanisms of As uptake and accumulation in plants is an urgent priority for food security 

worldwide.

Recent studies have identified genes involved in the uptake, transport, and sequestration of 

arsenic in Arabidopsis, rice, and other plant species (Mendoza-Cozatl, Jobe, Hauser, & 

Schroeder, 2011; Abbas et al., 2018; Kumari, Rastogi, Shukla, Srivastava, & Yadav, 2018; 

Garbinski, Rosen, & Chen, 2019; Shri et al., 2019; Abedi & Mojiri, 2020). These include 

nutrient transporters that transport arsenite (As(III)) across plant membranes and can 

function in arsenic accumulation, including Nodulin 26-like Intrinsic Proteins (NIPs), 

Plasma membrane Intrinsic Proteins (PIPs), Natural Resistance-Associated Macrophage 

Protein OsNRAMP1, and Tonoplast Intrinsic Proteins (TIP) (Bienert et al., 2008; Isayenkov 

& Maathuis, 2008; Kamiya & Fujiwara, 2009; Kamiya et al., 2009; Mosa et al., 2012; 

Tiwari et al., 2014; Xu et al., 2015; Yang et al., 2015; Duan et al., 2016b; Lindsay & 

Maathuis, 2016). Furthermore, phosphate transporters (PHTs) play a role in arsenate 

(As(V)) uptake (Shin, Shin, Dewbre, & Harrison, 2004; Catarecha et al., 2007; Remy et al., 

2012; LeBlanc, McKinney, Meagher, & Smith, 2013; Fontenot et al., 2015), and arsenate 

reductase enzymes are responsible for the reduction of As(V) to arsenite As(III) (Chao et al., 

2014; Shi et al., 2016; Xu et al., 2017). The enzymes γ-glutamylcysteine synthetase (g-

ECS), glutathione synthetase (GS), and phytochelatin synthase (PCS) are critical enzymes 

for As detoxification (Schmoger, Oven, & Grill, 2000; Li et al., 2004; Picault et al., 2006; 

Gasic & Korban, 2007; Guo, Dai, Xu, & Ma, 2008; Herschbach et al., 2010; Wojas, 

Clemens, Sklodowska, & Maria Antosiewicz, 2010; Hayashi et al., 2017). Additionally, the 

ATP Binding Cassette (ABC) transporters ABCC1 and ABCC2 transport As-GSH and As-
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PC complexes into vacuoles as a mechanism for arsenic accumulation (Song et al., 2010; 

Song et al., 2014; Hayashi et al., 2017). The inositol transporters (AtINT2 and AtINT4) in 

A. thaliana and OsNIP6;1 and OsNIP7;1 in rice play a role in arsenic transport into seeds 

(Duan et al., 2016a; Lindsay & Maathuis, 2017).

Moreover, several regulatory proteins involved in plant responses to arsenic have been 

identified. For example, glutaredoxins (Grx) regulate As(V) reduction (Verma et al., 2017), 

and the transcription factors WRKY6, WRKY45, and OsARM1 (Arsenite-Responsive 

Myb1) have been implicated in the regulation of arsenic transporters (Castrillo et al., 2013; 

Wang et al., 2014; Wang et al., 2017). The calcium-dependent protein kinase (CPK31) was 

reported to regulate AtNIP1;1 (Ji et al., 2017), and miR528 was found to be necessary for 

As(III) responses (Liu et al., 2015). Despite the above list of genes identified as being 

involved in arsenic responses in plants, many genes and mechanisms have yet to be 

determined.

Arsenic is known to cause large transcriptional responses in plants (Chakrabarty et al., 2009; 

Jobe et al., 2012; Castrillo et al., 2013; Srivastava, Srivastava, Sablok, Deshpande, & 

Suprasanna, 2015; Zvobgo et al., 2018; Huang et al., 2019). Research has suggested that 

transcriptional activators and transcriptional repressors play essential roles in arsenic-

induced gene expression (Jobe et al., 2012; Castrillo et al., 2013; Wang et al., 2014; Wang et 

al., 2017). While WRKY transcription factors have been shown to regulate phosphate 

transporters that contribute to arsenic tolerance (Castrillo et al., 2013; Wang et al., 2014; 

Wang et al., 2017), additional transcription factors that mediate arsenic-induced gene 

expression and repressors remain unknown.

Forward genetic screens are powerful tools for identifying new genes. However, forward 

genetic screens have limitations due to the extensive over-lapping functions of closely 

related genes (“redundancy”) mediated by large gene families found in plant genomes 

(Arabidopsis Genome, 2000). Phenotypes linked to a single gene loss-of-function mutation 

have been found for less than 15% of the genes encoded in the Arabidopsis genome (Lloyd 

& Meinke, 2012; Cusack et al., 2020). A genome-wide analysis showed that approximately 

75% of Arabidopsis genes are members of gene families (Hauser et al., 2013). Thus, 

partially overlapping gene functions, referred to as functional redundancies, have hampered 

the identification of new gene functions in forward genetic screens. In previous research, we 

computationally designed artificial microRNAs (amiRNAs) (Schwab, Ossowski, Riester, 

Warthmann, & Weigel, 2006), and synthesized 22,000 amiRNAs designed to 

combinatorially co-silence closely homologous gene clade members (Hauser et al., 2013). 

These amiRNAs were separated into 10 amiRNA libraries for genome-wide knockdown of 

homologous gene family members based on the predicted functional classes of the genes 

they target (Hauser et al., 2013; Hauser et al., 2019). Using these 22,000 amiRNAs, libraries 

were synthesized (Hauser et al., 2013) and used to transform Arabidopsis. To date, 14,000 

T2 generation lines have been generated (Hauser et al., 2019). Recent studies have used this 

resource to discover new genes and determine their functions in plant hormone signaling and 

transport, illustrating the power of this system (Hauser et al., 2013; Zhang et al., 2018; 

Hauser et al., 2019; Takahashi et al., 2020).
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To overcome the genetic redundancy limitations, we screened amiRNA seed libraries 

targeting two different gene classes (1: DNA and RNA binding proteins and 2: transporters 

and channels) for arsenic tolerance. Here, we report the identification of new transcription 

factors and transporters that play crucial roles in arsenic responses.

Material and Methods

Genetic screen for mutants with altered arsenite response

Wild type (Col-0) and individually isolated T2 lines from the amiRNA libraries (Hauser et 

al., 2013) were surface sterilized, stratified at 4°C for 48 hrs in the dark, and germinated 

under a 16 hrs light/ 8 hrs dark photoperiod.

For root length assays(Lee, Chen, & Schroeder, 2003; Jobe et al., 2012; Mendoza-Cozatl et 

al., 2014), 1/2 MS plates (1/2 MS, 0.5 g/L MES, 0.5% sucrose, 1% phytagel, adjusted with 

KOH to pH 5.5) were supplemented with/without 10 μM sodium arsenite and allowed to 

grow vertically for 14 days. The root lengths of seedlings were measured using Image J. The 

same protocol was performed on the next generation of (T3) seeds for candidate lines 

showing a phenotype.

Root length assays for erf34×35, CRISPRcbf1/2/3 were performed on minimal medium (5 

mM KNO3, 2.5 mM H3PO4, 1 mM Ca(NO3)2, 2 mM MgSO4, 1 mM MES, adjusted with 

KOH to pH 5.5, 1% phytagel) without microelements supplied with and without 10 μM 

arsenite.

Identification of amiRNA sequences

Genomic DNA for candidate amiRNA lines were extracted(Kang, Cho, Yoon, & Eun, 1998) 

and used as templates, and the primers (primers pha2804f and pha3479r(Hauser et al., 

2019), Supplemental Table 1) were used to amplify the PCR product. The purified PCR 

samples were sent for sequencing to identify the amiRNA present(Hauser et al., 2019). The 

genes targeted by the amiRNA could be putatively identified by using the “Target Search 

Function” on the WMD3 website (Ossowski, Fitz, Schwab, Riester, & Weigel). Several 

studies have demonstrated the accuracy of in-silico predictions of amiRNA target genes 

(Hauser et al., 2013; Zhang et al., 2018; Hauser et al., 2019; Takahashi et al., 2020).

Plasmid Construction

To test whether the phenotype of the amiRNA lines was caused by the knockdown of target 

genes, and to confirm that the phenotypes were not caused by the position of the amiRNA 

insertion, we generated retransformed lines using the genomic DNA of candidate amiRNA 

lines as a template. We named these lines Re-10-9. The primers RE-AMI-F and RE-AMI-R 

were used to amplify the original amiRNA and inserted it into pDONR221® using BP 

Clonase II® and then recombined into pFH0032 (Hauser et al., 2013; Hauser et al., 2019) 

using LR Clonase II® (Invitrogen, Carlsbad,CA, USA). (Supplemental Table 1).

We generated erf34×erf35 by crossing the T-DNA lines. Primers for genotyping were 

designed using the website (http://signal.salk.edu/tdnaprimers.2.html). A list of primers used 

in this study is provided in Supplemental Table 2.
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We used CRISPR/Cas9 gene editing technology (Gao & Zhao, 2014; Gao et al., 2015; Gao, 

Chen, Dai, Zhang, & Zhao, 2016) to generate cbf1/2/3 knockout mutants. Guide RNA 1 and 

2 were used to delete the CBF1/2/3 genes, which are tandemly arrayed on chromosome IV. 

The target sequence for target 1 was CCGATTACGAGCCTCAAGGCGG, and the sequence 

for target 2 was CCGGAACAGAGCCAAGATGCGT (PAM sites are underlined). The 

GT1-3 primers were used to isolate the homozygous lines for CRISPR cbf1/2/3. GT1 is the 

forward primer, GT2 and GT3 are reverse primers. The homozygous plants were isolated as: 

GT1+GT2 has band, and no band for GT1+GT3 (Supplemental Figure 3A and B).

Plant Transformation

Sequenced plasmids were transformed into Agrobacterium tumefacians strain GV3101 and 

pSoup was used as the helper plasmid for pFH0032. Arabidopsis thaliana was transformed 

as previously described using the floral dip method(Clough & Bent, 1998).

Total RNA isolation and quantitative RT-PCR

For RT-qPCR, plants were grown vertically on 1/2 MS media for 14 days and transfer to 

liquid treatment (1/2 MS, 0.5 g/L MES, 0.5% sucrose, pH 5.5–5.8 with/without 10 μM 

Arsenite) for 3 days. Leaves and roots were separated, and RNA was prepared using the 

Spectrum Plant Total RNA Kits (Sigma-Aldrich). cDNA was then prepared from RNA using 

Maxima H Minus First Strand cDNA Synthesis Kit (Thermo Scientific™) for RT-PCRs. 

Transcript abundance was then determined with SYBR® Green (Bio-Rad, MO, USA) using 

a Bio-Rad CFX96 Real-Time System with the following conditions: 95 °C for 5 min, then 

50 cycles of 95°C for 15 s, 52°C for 15 s, 72°C for 1 min, then 72°C for 5 min. Primers used 

for qPCR(Versaw & Harrison, 2002; B. Guo et al., 2008; Remy et al., 2012; Lapis-Gaza, 

Jost, & Finnegan, 2014) are listed in Supplemental Table 3.

Results

Genetic screen for mutants with altered arsenite response

In previous research, arsenite was found to decrease primary root growth, inhibit seedling 

development, and cause chlorosis (Liu, Zhang, Shan, & Zhu, 2005; Yoon, Lee, & An, 2015; 

Qian et al., 2018). We tested a range of arsenite concentrations on 1/2 MS media-containing 

plates to establish the concentration at which wild-type seedling root growth was decreased 

by 40%–60% compared to control plates. We chose a concentration of 10 μM arsenite for 

root length screening.

In total, ~2,000 T2 amiRNA expressing Arabidopsis transformant lines were screened. 

These amiRNA lines were screened individually in root growth assays. Seed transformed 

with amiRNA libraries targeting homologous genes that encode DNA and RNA binding 

proteins and transporter family proteins were screened (Hauser et al., 2013; Hauser et al., 

2019). In the primary screen, 15 seeds per line were screened for differences in root growth 

compared to wild-type plants grown in parallel. Candidate lines showing an altered arsenite 

response were validated using the same phenotyping method in the next generation (T3). 

Isolated amiRNA lines with reproducible phenotypes were then analyzed for their putative 

target genes by sequencing and functional characterization. After screening these 2,000 
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amiRNA lines, six candidate amiRNA lines were identified with robust phenotypes. Their 

target genes and gene definitions are shown in Table 1 (e.g. Figure 1A–C and Supplemental 

Figure 1). In the present study, two amiRNA lines, amiRNA 4-138 and ami 10-9 were 

chosen for further characterization.

amiRNA line 4-138 targets ERF and CBF transcription factors and is tolerant to arsenite

A mutant was isolated in the amiRNA screen showing an increased resistance to arsenite in 

root growth assays. Primary root lengths of amiRNA 4-138 seedlings were not different 

from WT on control plates but were significantly longer than WT on arsenite-containing 

plates (Figure 1A–C).

The isolated amiRNA 4-138 is predicted to target two different ERF transcription factor sub-

families, specifically ERF 34, 35, and CBF 1, 2, 3, & 4. To determine which of these 

putative targets contributes to the arsenite-tolerant phenotype, we first screened single 

mutants and observed only weak or no phenotypes (see Supplemental figure 2A and C). 

Then double mutants were generated using T-DNA lines erf34-1 (SALK_020979C) and 

erf35-1 (SALK_111486C) (see Supplemental figure 4A to C). Furthermore, CRIPSR lines 

were created for cbf 1/2/3. Two independent cbf 1/2/3 CRISPR deletion alleles were 

isolated. The CRISPR lines targeting CBF1/2/3 did not show any visible phenotype under 

control conditions in plate growth assays (Figure 1D). However, both cbf1/2/3 CRISPR 

alleles showed arsenite resistance in seedling root growth assays (Figure 1D–F). In contrast, 

erf34/35 double mutants exhibited arsenite sensitivity similar to WT (Figure 1G–I). These 

data suggest that the arsenite-tolerant phenotype of amiRNA line 4-138 is caused by the 

knockdown of CBF 1, 2, 3 transcription factors, rather than the ERF 34 and 35 transcription 

factors.

CBF transcription factors and PHT transporters are down-regulated in response to arsenic 
treatment and are misregulated in the cbf1,2,3 mutant

The enhanced arsenic resistance of the cbf1/2/3 mutant alleles indicates that CBF 

transcription factors may function as negative regulators of arsenic resistance. To investigate 

whether the transcript levels of CBF1, CBF2, and CBF3 were affected by arsenite or 

arsenate stress, we measured the transcript levels of these transcription factors using qPCR. 

Interestingly, the transcript levels of these three genes decreased in seedlings exposed after 

10 days of growth to 10 μM As(III) or 250 μM As (V) for 3 days (Figure 2A–C).

We examined possible DNA-binding targets of the CBF transcription factors. The Plant 

Cistrome Database (O’Malley et al., 2016) has used DNA affinity purification sequencing 

(DAP-seq) for resolving possible motifs and peaks for DNA binding domains of 529 

recombinant Arabidopsis transcription factors. A list of genes putatively targeted by the 

CBF1-4 transcription factors was generated (O’Malley et al., 2016) (Supplemental data 2). 

Interestingly CBF1-4 binding was observed in the promoters of several phosphate 

transporters (PHT), including PHT1;1, PHT1;3, PHT1;6, PHT1;7, PHT1;8, PHT1;9, 
PHT3;3, PHT4;2, PHT2;1 PHT4;3 in these DAP-seq experiments (Table 2). Thus, we 

investigated whether these transporter genes might be targets of CBF1-4. Additionally, 

PHT1;1, PHT1;2 and PHT 1;3 were the target genes of the ami10-9 line that was isolated in 
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our forward genetics screen, which unexpectedly showed an arsenite tolerant phenotype 

(Table 1), as described later.

To determine whether transcript levels of PHT transporters are affected in the CRISPR 

cbf1/2/3 mutants, we measured the expression levels of the PHT transporter mRNAs. We 

found that the transcript levels of PHT1;1,1;2, 1;3 decreased significantly in wild-type Col-0 

(WT) roots in response to arsenite treatment (Figure 3A–C). Furthermore, PHT 1;1, 1;2, and 

1;3 transcript levels in the CRISPR cbf1/2/3 mutants were much lower in the roots under 

control conditions (Figure 3A–C). However, no differences between WT and CRISPR 

cbf1/2/3 mutants under arsenite treatment were observed, apparently because the transcripts 

were already expressed at low levels in arsenic-free controls (Figure 3A–C).

Because PHT transporters are known to transport phosphate and arsenate (Shin et al., 2004; 

Catarecha et al., 2007; Remy et al., 2012; LeBlanc et al., 2013; Fontenot et al., 2015), the 

transcript levels of PHTs were also measured under arsenate treatment. PHT 1;1, 1;2, 1;3 
transcript levels were significantly decreased in wild-type roots in response to arsenate 

treatment (Figure 4A–C). In cbf1/2/3 triple mutants, the control non-stress transcript levels 

of these PHTs were decreased. These data suggest that CBF transcription factors play a role 

in upregulating several PHT transcripts under non-stress conditions.

amiRNA 4-138 is sensitive to cadmium

Because arsenic and the toxic heavy metal cadmium elicit similar transcriptional responses 

(Abercrombie et al., 2008; Jobe et al., 2012; Shukla et al., 2018), we investigated whether 

amiRNA 4-138 also exhibits a cadmium-dependent phenotype. Interestingly, in contrast to 

As exposure (Figure 1A–C), seedlings of the amiRNA 4-138 line were more sensitive to 

cadmium compared to WT controls (Figure 5A–C). To determine which of the five predicted 

amiRNA targets contributes to the cadmium sensitivity, we evaluated root growth of the 

CRISPR cbf1/2/3 and erf34/35 mutant alleles in response to cadmium exposure. The two 

independent CRISPR alleles targeting CBF1/2/3 genes showed cadmium sensitive 

phenotypes that were only slightly more severe than WT controls (Figure 5D–F). 

Interestingly, however, the two erf34/35 double mutant alleles exhibited strong cadmium 

sensitivities compared to WT controls (Figure 5G–H). These data indicate that the ERF 34, 
35 transcription factors and possibly in part the CBF 1, 2, 3 contribute to the cadmium 

sensitivity of the 4-138 amiRNA line.

Reduced NRT 1.8 transcript levels in erf34/35 in response to Cd

A list of candidate genes targeted by the ERF34 and ERF35 transcription factors were 

generated by searching The Plant Cistrome Database (O’Malley et al., 2016). The database 

was compared to genes significantly (p<0.05) induced more than 2-fold after 2 hours of 

exposure to 50 μM Cd2+ (Weber, Trampczynska, & Clemens, 2006). We examined possible 

DNA binding targets of ERF34 and ERF35, then analyzed which of these genes showed 

transcriptional regulation in response to cadmium exposure (Supplemental Figure 5). Based 

on the putative ERF34 and ERF35 targets from the Plant Cistrome Database, a list of 

candidate ERF34 and ERF35 targets also showing a transcriptional response to cadmium 

exposure was generated (Table 3). A previously identified nitrate transporter, NRT1.8, is a 
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putative target of ERF34 and ERF35, based on analyses of the Plant Cistrome Database 

(O’Malley et al., 2016). Furthermore, the expression of NTR1.8 was induced 29-fold by 

cadmium treatment in WT (Weber et al., 2006) (Table 3). NRT1.8 belongs to the nitrate 

transporter (NRT1) family and functions in nitrate removal from the xylem sap (Li et al., 

2010). NRT1.8 affects the content of Cd in the xylem sap and mediates tolerance to 

cadmium (Li et al., 2010).

We examined cadmium-dependent NRT1.8 transcript levels to determine whether ERF34 

and 35 affect NRT1.8 expression. NRT1.8 transcripts were detected at similar levels in both 

WT and the erf34/35 double mutant seedlings under control conditions (Figure 6). NRT1.8 
was highly induced by Cd treatment in WT seedlings, consistent with previous findings 

(Weber et al., 2006; Li et al., 2010). However, cadmium did not significantly upregulate 

NRT1.8 expression in erf34/35 double mutant seedlings (Figure 6). The relatively low 

induction of NRT1.8 may contribute to the Cd sensitive phenotype of the erf34/35 double 

mutant.

ami10-9 is insensitive to arsenic and targets three phosphate transporters (PHTs)

In our forward genetics amiRNA screen for arsenic sensitivity, we also identified an 

amiRNA line 10-9 as showing arsenite resistance in root growth assays, that was similar to 

the amiRNA 4-138. In the absence of arsenic, seedlings from this line have a similar primary 

root length as WT plants (Figure 7A). However, this line showed a reduced sensitivity 

compared to WT seedlings when grown on media containing 10 μM arsenite. Primary root 

lengths of amiRNA line 10-9 seedlings were almost twice as long as WT plants when grown 

on medium containing 10 μM As(III) (Figure 7B). A similar As insensitive phenotype of 

amiRNA line 10-9 was found on media containing arsenate (Figure 8A–C).

The amiRNA 10-9 line was isolated and sequenced and is predicted to target three high-

affinity phosphate transporters (PHT1;1 AT5G43350, PHT1;2 AT5G43370 and PHT1;3 
AT5G43360; amiRNA sequence listed in Table 1). Previous studies have shown that the 

PHT transporters AtPHT1;1, AtPHT1;4, AtPHT1;5; AtPHT1;7; 1;8; 1;9 function in both 

inorganic phosphate and arsenate (As(V)) transport in plants (Willsky & Malamy, 1980; Xu, 

Ma, & Nussinov, 2012). This is not surprising as the oxyanion chemical structure of As(V) 

is structurally analogous to that of phosphate (Willsky & Malamy, 1980). Interestingly 

however, the amiRNA line 10-9 also showed an enhanced sensitivity to arsenite (Figure 7A–

C), which is not known to be a substrate of PHT phosphate transporters.

To determine whether the amiRNA 10-9 line phenotype is linked to the identified amiRNA, 

we amplified the original amiRNA sequence of amiRNA 10-9 and re-cloned and 

retransformed the amiRNA into Col-0 wild-type plants. The retransformed lines Re-10-9-15 
showed a decreased sensitivity to As(III) compared to WT controls in 5 of 10 independent 

transformants (Figure 7D–F). Note that this frequency of phenotypes upon amiRNA 

retransformation is not low and may be ascribed to the fact that amiRNAs partially inhibit 

transcription or translation at intermediate levels and phenotypes depend on individual 

transformation events (Schwab et al., 2006; Hauser et al., 2019). Thus, using amiRNA’s to 

target gene families, we have obtained evidence suggesting an unexpected role for PHT 

transporters in arsenite tolerance.
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Discussion

Forward genetic screens have enabled the identification of new genes and characterization of 

genetic pathways in Arabidopsis and other model organisms. While forward genetic screens 

continue to be powerful tools for unraveling biological processes, the presence of large gene 

families and many gene duplications with functional overlap in plant genomes, often buffers 

the effects of loss of function mutations leading to no observable phenotype in single-gene 

mutants (Lloyd & Meinke, 2012). Furthermore, higher-order loss of function mutations 

frequently lead to lethality, which also prevents the characterization of gene 

functions(Hauser et al., 2019). These pitfalls have hindered researchers’ ability to 

functionally characterize genes that belong to gene families (Lloyd & Meinke, 2012), which 

account for approximately 22,000 genes in Arabidopsis (Hauser et al., 2013).

To address these limitations, a library of artificial microRNAs (amiRNAs) was developed 

that targets diverse gene combinations mainly within sub-clades of multigene families to 

overcome genetic redundancy. This library has successfully enabled forward genetic screens 

to identify new genes involved in CO2 and ABA signaling as well as novel auxin 

transporters from very large gene families (Zhang et al., 2018; Hauser et al., 2019; 

Takahashi et al., 2020). Furthermore, because amiRNAs often cause transcriptional 

knockdown or translational inhibition rather than full loss of function, the amiRNA library 

has also enabled the identification of functionally redundant genes, for which double loss of 

function mutation causes lethality (Hauser et al., 2019). Together, these results demonstrate 

the power and utility of forward genetic screens using amiRNAs.

Arsenic exposure has been shown to induce a robust transcriptional response in Arabidopsis 
(Abercrombie et al., 2008; Jobe et al., 2012; Shukla et al., 2018). However, relatively few 

transcriptional regulators of arsenic-induced gene expression have been identified (Castrillo 

et al., 2013; Wang et al., 2014; Wang et al., 2017), likely due to extensive genetic 

redundancy in transcription factor families. Similarly, we hypothesized that additional 

transporters that affect arsenite sensitivity might exist, given the large family sizes and 

substrate overlap in plant transporters (Hauser et al., 2013). Thus, the genetic screen 

performed in the present study used amiRNA’s targeting DNA- and RNA-binding proteins 

and transporters and channels in Arabidopsis (Hauser et al., 2013). Notably, eight additional 

amiRNA libraries are available targeting other classes of proteins, including a library of over 

4,000 amiRNAs targeting gene combinations within clades of gene families of presently 

unpredictable (“unknown”) function (Hauser et al., 2013; Hauser et al., 2019), suggesting 

that future screens using this platform are likely to uncover additional new genes that affect 

arsenic sensitivity.

In the present study, we identified the amiRNA 4-138 line as an As(III) insensitive line in 

root growth assays using a forward genetic screen. The observed phenotypes were found 

using two different media and in two laboratories (see Methods), indicating robustness of 

these mutant phenotypes under the imposed conditions. This amiRNA line targets the 

CBF1,2,3 and ERF34 and ERF35 transcription factors. We found that the As(III) insensitive 

phenotype is due to the tandem repeat genes CBF1,2,3. Note that CBF4 may also contribute 

to this phenotype, but a cbf quadruple mutant may be lethal and was not investigated here. 

Xie et al. Page 9

Plant Cell Environ. Author manuscript; available in PMC 2021 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The CBF1,2 and 3 genes are located in tandem on chromosome 4, and therefore CRISPR-

mediated deletion of these genes, shows that they are not essential for seedling survival 

(Figure 1D).

By analyzing DAP-seq data sets for candidate gene promoters to which CBF1,2 & 3 bind 

(O’Malley et al., 2016), we identified 2214 genes potentially targeted by CBF1,CBF2, CBF3 

and CBF4 (Supplemental Figure 6A and B). DAP-seq data suggest CBFs bind to many PHT 

transporter promoter regions. Further analyses showed that PHT transcript levels are 

decreased in cbf1/2/3 triple mutants under non-arsenic stress control conditions. The present 

findings suggest that CBF1,2,3 are positive regulators of PHT transporters. Additional in-
vivo studies would allow further characterization of the underlying mechanisms.

Surprisingly, follow-up experiments with the arsenite tolerant amiRNA 4-138 line found this 

line to be cadmium sensitive. The contrasting root elongation phenotypes in response to 

arsenic (tolerant) and cadmium (sensitive) are unexpected as both cadmium and arsenite 

detoxification require thiolate peptides, in particular phytochelatins (Schmoger et al., 2000; 

Gong, Lee, & Schroeder, 2003; Aborode et al., 2016). As discussed above, the arsenite 

tolerant phenotype is due to the disruption of CBF genes. In contrast, characterization of the 

erf34/35 double mutant suggests that the ERF transcription factors are the main contributors 

to the cadmium sensitivity phenotype of amiRNA 4-138.

The nitrate transporter NRT1.8 mRNA is one of the most strongly cadmium-induced 

transcripts based on microarray studies (Weber et al., 2006; Li et al., 2010). Furthermore, 

ERF34 and ERF35 transcription factors were found to bind the promoter of the NRT1.8 

transporter in in-vitro binding assays (Table 3) (Weber et al., 2006; O’Malley et al., 2016). 

NRT1.8 is a plasma membrane transporter expressed predominantly in xylem parenchyma 

cells within the vasculature (Li et al., 2010). NRT1.8 transcripts were strongly upregulated 

by cadmium stress in roots in the present study and a previous study (Li et al., 2010). Thus, 

the cadmium sensitive phenotype observed in erf34/35 may be partly due to the 

misregulation of NRT1.8. The nrt1.8 knock out mutant accumulates cadmium in shoots and 

has a similar root sensitivity to cadmium (Li et al., 2010) as the erf34/35 double mutant 

(Figure 5). However, additional experiments are needed to confirm this hypothesis, as 

additional CBF/ERF targets are also likely involved.

Arsenate (As(V) can be transported by inorganic phosphate (Pi) transporters due to its 

chemical similarity to phosphate. Plasma membrane-localized Pi transporters are known to 

be responsible for arsenate uptake. In Arabidopsis thaliana, the As(V) transport capabilities 

of AtPHT1; 1, AtPHT1; 4, AtPHT1; 5, AtPHT1; 7, AtPHT1; 8, AtPHT1; 9 have been well 

characterized (Shin et al., 2004; Catarecha et al., 2007; Remy et al., 2012; LeBlanc et al., 

2013; Fontenot et al., 2015). Decreased expression of these PHT1 genes results in tolerance 

to As(V) (Shin et al., 2004; Catarecha et al., 2007; Nagarajan et al., 2011; LeBlanc et al., 

2013; Luan et al., 2018). As cbf1/2/3 triple CRISPR mutant seedlings showed a strong 

down-regulation of the three major phosphate uptake transporter transcripts, AtPHT1;1, 

AtPHT1;2, AtPHT1;3 (Figures 3 and 4), cbf1/2/3 triple mutant seedlings would be predicted 

to also show a reduced As(V) sensitivity, consistent with previous studies of mutants in these 

phosphate transporters (Shin et al., 2004; Catarecha et al., 2007; Nagarajan et al., 2011; 
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LeBlanc et al., 2013; Luan et al., 2018). However, the involvement of PHT transporters in 

As(III) responses has not been previously established. In our study, amiRNA 10-9 seedlings 

showed reduced sensitivity to As(III) and As(V) in root elongation assays (Figures 1 & 7). 

AmiRNA 10-9 targets AtPHT1; 1, AtPHT1; 2, AtPHT1; 3, which share a high level of 

similarity, have overlapping expression patterns, and are reported to all contribute to Pi 

uptake (Ayadi et al., 2015). We have further found that both As(V) and As(III) downregulate 

the transcript levels of AtPHT1; 1, AtPHT1; 2, and AtPHT1; 3 (Figures 3 & 4). 

Furthermore, PHT1 was shown to transport Pi and As(V) (Shin et al., 2004; Catarecha et al., 

2007; Nussaume et al., 2011; Remy et al., 2012; LeBlanc et al., 2013; Fontenot et al., 2015). 

WRKY transcription factors, namely WRKY6, WRKY42, and WRKY45, were shown to 

interact with the PHT1;1 promoter and mediate PHT1;1 expression (Castrillo et al., 2013; 

Wang et al., 2014; Su et al., 2015). WRKY6 and WRKY 42 were also shown to affect As(V) 

uptake into plants (Castrillo et al., 2013; Su et al., 2015), but As(III) sensitivity or transport 

were not analyzed in these mutants. Thus, the mechanism of As(III) resistance in the 

amiRNA 10-9 line is an unexpected interesting finding that requires further characterization.

In the present study, we pursued screening of amiRNA seed libraries that target diverse 

combinations of related DNA binding proteins and transporter proteins. Several putative 

amiRNA target genes, in addition to those characterized here were isolated. For example, we 

identified transcriptional regulators such as ethylene-response transcription factors, basic 

helix-loop-helix (bHLH) transcription factors, mitochondrial transcription termination 

factors, and ABCG transporters that warrant further investigation (Table 1).

In summary, the transcription factors that induce and repress gene expression in response to 

arsenic and cadmium remain to a large degree unknown. In the present study, a forward 

genetics screen of amiRNA lines that target combinatorial close homologs of DNA and 

RNA-binding proteins found that the CBF1, 2, and 3 transcription factors mediate negative 

regulation of arsenite and arsenate sensitivity and that the ERF34 and ERF35 transcription 

factors function in mediating cadmium resistance. Further studies of these transcription 

factors could identify the cadmium- and arsenic-induced transcriptional control network.
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Figure 1. amiRNA 4-138 targets ERF and CBF transcription factors, shows arsenite resistance, 
and phenocopies CRISPR lines targeting CBF1,2,3 genes but not erf34/35 double T-DNA 
mutants.
(A), (B) amiRNA 4-138 is more tolerant than WT to arsenite treatment: WT and amiRNA 

4-138 lines were grown vertically on 1/2 MS with 0.5% sucrose plates without (control) or 

with 10 μM arsenite for 10 days; (C) Primary root lengths of amiRNA 4-138 seedlings were 

significantly longer than WT on arsenite-containing plates. (n=11 seedlings, means ± 

s.e.m.). (D), (E) CRISPR lines targeting CBF1/2/3 genes show arsenite resistance of root 

growth: CRISPR lines 97 and 93 targeting CBF1/2/3 were grown vertically on minimal 

media plates with 1% sucrose plates without (control) or with 10 μM arsenite for 7 days; (F) 

Primary root lengths of amiRNA 4-138 were significantly longer than WT on arsenite-

containing plates. (n=11 seedlings, means ± s.e.m.). (H), (I) T-DNA double mutant in 

ERF34 and ERF35 genes showed similar root length to wild type under both control and 

arsenite treatment: WT and double mutant of erf34/35 line 1 and 3 were grown vertically on 

minimal plates with 1% sucrose plates without (control) or with 10 μM arsenite for 7 days. 

(I) Averaged primary root length (n=16 seedlings, means ± s.e.m.). Letters at the top of 

columns are grouped based on two-way ANOVA and Tukey’s multiple comparisons test, P < 

0.05).
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Figure 2. CBF1, CBF2 and CBF3 are transcriptionally downregulated by arsenite and arsenate 
in the roots.
(A–C) Transcript levels of CBF1, 2, 3 under arsenite and arsenate treatment are significantly 

lower than control condition in roots of WT: WT plants were grown on 1/2 MS for 10 days 

and transferred to 1/2 MS plates with or without 10 μM sodium arsenite or 250 μM sodium 

arsenate for 3 days. Root tissues were harvested separately, followed by RNA extraction and 

cDNA synthesis, and the relative expression levels were detected by qRT-PCR. (n=3 

samples, means ± s.e.m.). Letters at the top of columns are grouped based on two-way 

ANOVA and Tukey’s multiple comparisons test, P < 0.05).
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Figure 3. PHT transporter transcript levels are down-regulated in response to arsenite treatment 
and misregulated in roots of CRISPR cbf 1,2,3 mutant.
(A–C) PHT1;1; PHT1;2 and PHT1;3 are reduced significantly in roots by arsenite treatment, 

and PHT 1;1; PHT1;2 and PHT1;3 transcript levels in CRISPR cbf1/2/3 mutants are much 

lower in the roots under control conditions: WT and CRISPR cbf1/2/3 mutants were grown 

on 1/2 MS for 10 days and transferred to 1/2 MS plates with or without 10 μM arsenite for 3 

days. Root tissues were harvested separately, followed by RNA extraction and cDNA 

synthesis, and the relative expression levels were detected by qRT-PCR. (n=3 samples, 

means ± s.e.m.). Letters at the top of columns are grouped based on two-way ANOVA and 

Tukey’s multiple comparisons test, P < 0.05).

Xie et al. Page 20

Plant Cell Environ. Author manuscript; available in PMC 2021 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. PHT transporter transcript levels are down-regulated in response to arsenate treatment 
and misregulated in roots of CRISPR cbf 1,2,3 mutant.
(A–C) PHT1;1; PHT1;2, PHT1;3 are reduced significantly in roots by arsenate treatment 

and PHT transcript levels in CRISPR cbf1/2/3 mutants are much lower in the roots under 

control conditions: WT and CRISPR cbf1/2/3 mutants were grown on 1/2 MS for 10 days 

and transferred to 1/2 MS plates with or without 250 μM sodium arsenite for 3 days. Root 

tissues were harvested separately, followed by RNA extraction and cDNA synthesis and the 

relative expression levels were detected by qRT-PCR. (n=3 samples, means ± s.e.m.). Letters 

at the top of columns are grouped based on two-way ANOVA and Tukey’s multiple 

comparisons test, P < 0.05).

Xie et al. Page 21

Plant Cell Environ. Author manuscript; available in PMC 2021 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. amiRNA 4-138 line and erf34/erf35 double mutant are sensitive to cadmium.
(A), (B) amiRNA line 4-138 shows enhanced cadmium sensitivity in root growth and 

yellowing of leaves compared to WT: WT and 4-138 amiRNA lines were grown vertically 

on minimal plates with 1% sucrose plates without (control) or with 30 μM cadmium for 7 

days; (C) Primary root lengths of the amiRNA 4-138 line were significantly shorter than WT 

on cadmium-containing plates. (n=16 seedlings, means ± s.e.m.). (D), (E) CRISPR lines 

targeting CBF1/2/3 genes show cadmium sensitive phenotypes. WT and CRISPR lines 

targeting CBF1/2/3 genes were grown vertically on minimal plates with 1% sucrose plates 

without (control) or with 30 μM cadmium for 7 days; (F) Primary root length of CRISPR 

lines in CBF1/2/3 genes compared to WT on control and cadmium-containing plates. (n=11 

seedlings, means ± s.e.m.). (G), (H) erf34/35 double mutant shows cadmium sensitive 

phenotype: WT and erf34/35-3 T-DNA double mutant were grown vertically on minimal 

plates with 1% sucrose plates without (control) or with 30 μM cadmium for 7 days; (I) 

Primary root length of erf34/35 compared to WT on control and cadmium-containing plates. 

(n=17 seedlings, means ± s.e.m.). Letters at the top of columns are grouped based on two-

way ANOVA and Tukey’s multiple comparisons test, P < 0.05).
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Figure 6. ERF34 and ERF35 are required for NRT1;8 upregulation in response to cadmium.
NRT1;8 transcript up-regulation is impaired in roots of erf34/35 double mutant: WT and 

erf34/35 double mutants were subjected to the same treatment as in Figure 5 (G) and (H) 

(n=3; p<0.0001);
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Figure 7. amiRNA 10-9 targets phosphate transporters and exhibits arsenite resistance. Arsenite 
resistance phenotype confirmed in amiRNA retransformation lines.
(A), (B) Root growth of amiRNA 10-9 is more tolerant than WT to arsenite treatment: WT 

and amiRNA 10-9 lines were grown vertically on 1/2 MS with 0.5% sucrose plates without 

(control) or with 10 μM arsenite for 10 days; (C) Primary root lengths of WT and amiRNA 

10-9 were significantly longer than WT on arsenite plates and no different on control plates. 

(n=15 seedlings, means ± s.e.m.). (D), (E) amiRNA retransformation lines with the same 

amiRNA as the amiRNA 10-9 line are more tolerant than WT in root growth assays: WT and 

amiRNA 10-9 retransformation line 15 were germinated directly on 1/2 MS with 0.5% 

sucrose plates without (control) or with 10 μM arsenite for 14 days; (F) Primary root lengths 

of retransformation amiRNA Re-10-9-15 were significantly longer than WT on arsenite-

containing plates and no clear difference was observed on control plates. (n=9 seedlings, 

means ± s.e.m.). Letters at the top of columns are grouped based on two-way ANOVA and 

Tukey’s multiple comparisons test, P < 0.05).

Xie et al. Page 24

Plant Cell Environ. Author manuscript; available in PMC 2021 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. amiRNA 10-9 predicted to target phosphate transporters causes arsenate resistance.
(A), (B) Root growth of amiRNA 10-9 is more tolerant than WT to arsenate treatment: WT 

and amiRNA 10-9 lines were grown vertically on 1/2 MS with 0.5% sucrose plates without 

(control) or with 250 μM sodium arsenate for 10 days; (C) Primary root lengths of WT and 

amiRNA 10-9 were significantly longer than WT on arsenate plates and no different on 

control plates. (n=15 seedlings, means ± s.e.m.). Letters at the top of columns are grouped 

based on two-way ANOVA and Tukey’s multiple comparisons test, P < 0.05).
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Table 1.

Candidate amiRNA lines with altered response to Arsenite and their target genes

ID PHENOTYPE AMI SEQUENCE TARGET 
GENES

GENE DESCRIPTION VALIDATE 
D IN T3

VALIDATED BY 
RETRANSFORM

10-9 More tolerant 
than WT

TATATAAGAAC 
CCGAACGCTC

AT5G43350 Phosphate Transporter 1, PHT1, 
PHT1;1

Yes Yes

Root length AT5G43370 Phosphate Transporter 2, PHT2, 
PHT1;2

AT5G43360 Phosphate Transporter 3, PHT3, 
PHT1;3

4-138 More tolerant 
than WT

TAACTTCTCAT 
CCGCACACCG

At2g44940 Ethylene-response Transcription 
factor 34 (ERF34)

Yes Yes

At3g60490 Ethylene-response Transcription 
factor 35 (ERF35)

Root length At4g25480 C-Rrepeat/DRE Binding Factor 
3 (CBF3), DRE/CRT-Binding 
Protein 1C (DREB1A),

At4g25470 C-Rrepeat/DRE Binding Factor 
2 (CBF2), DRE/CRT-Binding 
Protein 1b (DREB1B), Freezing 
Tolerance QTL 4 (FTQ4)

At4g25490 C-Rrepeat/DRE Binding Factor 
1 (CBF1), DRE/CRT-Binding 
Protein 1c (DREB1C)

At5g51990 C-Rrepeat/DRE Binding Factor 
4 (CBF4), DRE/CRT-Binding 
Protein 1d (DREB1D)

4-85 More tolerant 
than WT

TATAAGAAATC 
TTGAGCACCT

AT1G10470 Response Regulator 4 (ARR4), 
Induced By Cytokinin 7 (IBC7), 
Maternal Effect Embryo Arrest 
7 (MEE7),

Yes Yes

Root length AT3G48100 Response Regulator 5 (ARR5)

AT5G62920 Response Regulator 6 (ARR6)

4-89 More tolerant 
than WT

TCTTTCCGAAA 
GGTCAAACTA

AT1G61660 basic helix-loop-helix (bHLH) 
DNA-binding superfamily 
protein (ATBHLH112)

Yes n.a

Root length AT3G20640 basic helix-loop-helix (bHLH) 
DNA-binding superfamily 
protein;

AT2G31730 basic helix-loop-helix (bHLH) 
DNA-binding superfamily 
protein;

4-82 More tolerant 
than WT

TACTTTCCGGT 
GAGAGTGCGT

AT4G32890 GATA Transcription Factor 9 
(GATA9)

Yes n.a

Root length AT2G45050 GATA Transcription Factor 2 
(GATA2)

AT4G36240 GATA Transcription Factor 7 
(GATA7)

4-184 More tolerant 
than WT

ACGGGATTCA 
AGTCCGAAGCT

AT1G61990 Mitochondrial Transcription 
Termination Factor Family 
Protein

Yes n.a

Root length AT1G62490 Mitochondrial Transcription 
Termination Factor Family 
Protein
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ID PHENOTYPE AMI SEQUENCE TARGET 
GENES

GENE DESCRIPTION VALIDATE 
D IN T3

VALIDATED BY 
RETRANSFORM

AT1G61980 Mitochondrial Transcription 
Termination Factor Family 
Protein

AT1G61970 Mitochondrial Transcription 
Termination Factor Family 
Protein

AT1G62110 Mitochondrial Transcription 
Termination Factor Family 
Protein

AT1G47250 20S Proteasome Alpha Subunit 
2 (PAF2)

n.a: not applicable. Phenotypes have not been tested after amiRNA retransformation or via CRISPR or T-DNA gene knock outs.
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Table 2.

Target phosphate transporters of CBF1, 2, 3 and 4

TARGET GENES GENE SYMBOL GENE DESCRIPTION

CBF1 AT5G43340 PHT1;6 Phosphate Transporter 1;6

AT5G43360 PHT1;3 Phosphate Transporter 1;3

AT1G20860 PHT1;8 Phosphate Transporter 1;8

AT1G76430 PHT1;9 phosphate transporter 1;9

AT2G17270 PHT3;3 phosphate transporter 3;3

AT2G38060 PHT4;2 phosphate transporter 4;2

AT3G26570 PHT2;1 phosphate transporter 2;1

AT3G46980 PHT4;3 phosphate transporter 4;3

CBF2 AT1G76430 PHT1;9 phosphate transporter 1;9

AT2G38060 PHT4;2 phosphate transporter 4;2

AT3G26570 PHT2;1 phosphate transporter 2;1

AT3G46980 PHT4;3 phosphate transporter 4;3

AT5G43360 PHT1;3 Phosphate Transporter 1;3

CBF3 AT1G76430 PHT1;9 phosphate transporter 1;9

AT3G46980 PHT4;3 phosphate transporter 4;3

AT3G26570 PHT2;1 phosphate transporter 2;1

CBF4 AT1G20860 PHT1;8 Phosphate Transporter 1;8

AT1G76430 PHT1;9 phosphate transporter 1;9

AT2G38060 PHT4;2 phosphate transporter 4;2

AT3G26570 PHT2;1 phosphate transporter 2;1

AT3G46980 PHT4;3 phosphate transporter 4;3

AT3G54700 PHT1;7 phosphate transporter 1;7

AT5G43350 PHT1;1 phosphate transporter 1;1

AT5G43360 PHT1;3 Phosphate Transporter 1;3
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Table 3.

Genes significantly (p<0.05) induced >2 folds after 2 hours of exposure to 50 μM Cd2+ in A. thaliana roots 

and targeted by EFR034 and ERF035.

Gene ID Gene Symbol Gene description Fold change p-value

AT4G21680 NRT1.8 NITRATE TRANSPORTER 1.8 29 0.0406

AT4G14680 APS3 Pseudouridine synthase/archaeosine transglycosylase-like family protein 12.3 0.0401

AT1G62300 WRKY6 WRKY family transcription factor 5.6 0.0327

AT4G01950 GPAT3 glycerol-3-phosphate acyltransferase 3 4.3 0.0367

AT4G17500 ERF-1 ethylene responsive element binding factor 1 3.9 0.0483

AT3G12580 HSP70 heat shock protein 70 3.4 0.0327

AT1G08920 ESL1 ERD (early response to dehydration) six-like 1 3.3 0.0483

AT2G32560 AT2G32560 F-box family protein 3 0.0483

AT1G78820 AT1G78820 D-mannose binding lectin protein with Apple-like carbohydrate-binding domain-
containing protein

2.9 0.04

AT3G25230 ROF1 rotamase FKBP 1 2.7 0.0401

AT4G26080 ABI1 Protein phosphatase 2C family protein 2.6 0.0483

AT3G47960 GTR1 Major facilitator superfamily protein 2.5 0.0483

AT2G18690 AT2G18690 transmembrane protein 2.4 0.05

AT2G41800 AT2G41800 imidazolonepropionase (Protein of unknown function, DUF642) 2.4 0.0483

AT2G21130 AT2G21130 Cyclophilin-like peptidyl-prolyl cis-trans isomerase family protein 2.3 0.0418

AT2G41410 AT2G41410 Calcium-binding EF-hand family protein 2.3 0.0483

AT5G16600 MYB43 myb domain protein 43 2.3 0.0483

AT3G46130 MYB48 myb domain protein 48 2.2 0.0485
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