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Abstract 

Long-distance signaling is an important process in the development of Arabidopsis 

thaliana. A leucine-rich repeat receptor-like kinase (LRR-RLK), XYLEM 

INTERMIXED WITH PHLOEM1 a.k.a. C-TERMINALLY ENCODED PEPTIDE 

RECEPTOR 1 (XIP1/CEPR1), functions in vascular development and has recently been 

implicated in nitrogen sensing and response. Previous results indicate that XIP1/CEPR1 

also interacts with multiple proteins involved in sugar metabolism and transport as well 

as other metabolic proteins, which indicates a possible role for XIP1/CEPR1 in mediating 

sugar transport. xip1-1 seeds, which grow slowly in the cold in comparison to Columbia 

wild-type plants, were previously EMS mutagenized and screened for suppressors of the 

cold-sensitive phenotype. One of these suppressors, 9-12, maps to the lower region of 

chromosome V and several possible causative EMS-like mutations have been identified 

that may link XIP1/CEPR1 to a more general vascular transport role. 
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Introduction 

Long-distance signaling is important in the regulation of many developmental 

processes in Arabidopsis thaliana, including stress response (5,10,15,17), flowering (26), 

and aerial tissue development (16,17). These processes require nutrients that are acquired 

from the soil by the root and then transported, along with various signaling molecules, to 

the regions of the plant where they are needed. Molecules are transported through the 

plant vasculature, which is composed of three main tissue types: xylem, 

procambium/cambium, and phloem (6); however, the exact mechanisms by which long-

distance signaling occurs are still poorly understood.  

The vasculature is typically composed of an inner layer of xylem surrounded by 

an outer layer of phloem (1,6). A layer of procambium/cambium cells, which generate 

new phloem and xylem cells, separates the xylem and phloem layers (1,6). However, in 

mutants lacking a fully functional copy of the leucine-rich repeat receptor-like kinase 

(LRR-RLK) gene XYLEM INTERMIXED WITH PHLOEM1 (XIP1) (At5g49660), cells 

resembling xylem are sometimes ectopically found directly adjacent to phloem cells (1). 

Additionally, at cold temperatures, xip1 mutants exhibit slower than wild-type flowering 

time and anthocyanin accumulation in the leaves, indicated by a purple color (1,22). 

XIP1, also known as C-TERMINALLY ENCODED PEPTIDE RECEPTOR 1 

(CEPR1), has been linked to long-distance signaling both by its apparent vasculature 

function as well as by its role in nitrogen transport (22). Gene families that encode short 

peptides have been shown to be involved in long-distance signaling. For example, C-

Terminally Encoded Peptides (CEPs), a class of small signaling peptides, have been 

associated with nitrogen transport in the root (22). CEP1 was shown to increase the 
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expression of the nitrogen transporters NRT2.1, NRT3.1, and NRT1.1 in wild-type roots. 

However, in xip1/cepr1 mutants, CEP1 is unable to induce a significant increase in 

NRT2.1 expression (22). This, along with other data presented by Tabata et al. (2014), 

indicates that XIP1/CEPR1 perceives long-distance signals for ascending transport of 

nitrogen after the root senses nitrogen in its environment. The role of XIP1/CEPR1 in 

nitrogen sensing and transport suggests that it may play a more general role in nutrient 

transport given that XIP1/CEPR1 is also associated with vascular development.  

XIP1/CEPR1 has also recently been suggested to have a function in lateral root 

development through its binding of CEP5 (20). Lateral root development is a process that 

requires sufficient nutrient resources and, incidentally, extends the ability of the root 

system to acquire such nutrient resources from the plant’s environment. Development of 

lateral roots depends on fluctuating levels of the growth hormone, auxin, which is 

transported through the vasculature and aids in vascular tissue development (12,14). 

Thus, the association of XIP1/CEPR1 with lateral root development further suggests a 

potential role for XIP1/CEPR1 in transport of elements other than simply nitrogen (i.e. 

sugars, auxin), although to date XIP1/CEPR1 has not been shown to be involved in any 

other transport processes. 

Recent data has identified a series of metabolic pathway and transport-associated 

elements as interactors with XIP1/CEPR1 (unpublished data). These elements include, 

but are not limited to, PYRUVATE ORTHOPHOSPHATE DIKINASE (PPDK) 

(At4g15530) and SWEET11 (At3g48740). PPDK is typically associated with 

photosynthesis in C4 plants; however, it was recently shown to be involved in production 

of sugar from a lipid and amino acid breakdown product, pyruvate in C3 plants (8). 
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SWEET11 is a sucrose transporter found embedded in the membranes of phloem cells 

(4). Both of these elements are associated with the vasculature or sugar metabolism, 

indicating a possible role for XIP1/CEPR1 in mediating sugar transport, most likely as 

sucrose (4). 

In order to further dissect the role of XIP1/CEPR1, ethyl methanesulfonate (EMS) 

mutagenized xip1-1 seeds, which contain an EMS-derived mutation resulting in a 

XIP1/CEPR1 Ser677Phe change (1), were previously screened for suppressed phenotypes 

in which the xip1-1 late-flowering-time phenotype at cold temperature is restored to wild-

type-like levels (unpublished data).  In this experiment, one of these suppressor; xip1-1 

lines (9-12) was mapped and sequenced in order to identify the gene acting as the 

suppressor. Multiple possible mutations were identified through sequencing, including 

ones in the potential XIP1-interactor PPDK and a different sugar transporter, SWEET8 

(also known as RUPTURED POLLEN GRAIN1, RPG1, At5g40260), as well as in 

several other possible genes that were not in our XIP1 interactor list, such as PHLOEM 

PROTEIN 2-A14 (PP2-A14) (At5g52120), which is specifically expressed in the phloem 

(7), and PEROXIDASE62 (PER62) (At5g39580), which is associated with lignin (found 

in xylem cell walls) and auxin (a hormone associated with vascular tissue development) 

metabolism (14,18,23). If one of these elements represents the 9-12 suppressor, it would 

suggest a potential general role for XIP1/CEPR1 in general transportation of substances, 

including sugars and auxin, through the vasculature. Mapping indicates that the 9-12 

mutation is likely somewhere on Arabidopsis thaliana chromosome 5, ruling out PPDK, 

which was confirmed in a restriction enzyme digest experiment. Primers were designed 



IDENTIFICATION OF A COLD-SENSITIVE MUTANT SUPPRESSOR 8	
	

for the top candidate genes and analyses were carried out to determine which of the 

candidate mutations is the suppressor in 9-12. 
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Materials and Methods 

Plant Materials and Growth Conditions 

Seeds containing the xylem intermixed with phloem1-1 (xip1-1) mutation (1) were 

previously mutagenized with ethyl methanesulfonate (EMS). In cold conditions (10°C), 

xip1-1 plants grow at a slow rate and flower later than wild-type (both Columbia (Col) 

and Landsberg (Ler) ecotypes)(1). Thus, EMS-mutagenized xip1-1 seeds were grown at 

10°C and screened for a suppressed phenotype (wild-type-like growth and flowering 

rates) and seeds were collected. suppressor; xip1-1 (in Col background) plants were then 

crossed with wild-type Ler to generate lines for use in mapping. The F2 generation of one 

of these suppressor; xip1-1 X Ler lines, 9-12; xip1-1 X Ler, was first screened for the 

xip1-1 mutation at 22°C using PCR and restriction digest analysis (see DNA Preparation 

and PCR below). Seeds from the identified 9-12; xip1-1 -/- X Ler plants were then grown 

at 10°C. The first two batches (B, C) of 9-12; xip1-1 -/- X Ler were grown completely at 

10°C; other suppressor; xip1-1 -/- X Ler lines and later 9-12 batches were first 

germinated at 22°C then switched to 10°C approximately 10 days-after-germination to 

speed up the growth process without affecting the xip1-1 -/- flowering phenotype (see 

results for data). The flowering time (in days) for each suppressor; xip1-1 -/- X Ler plant 

grown at 10°C was recorded in order to determine which plants (and their parents) 

contain the suppressor. All planted seeds were stratified pre-germination at 4°C for 

approximately 72 hours prior to being placed in either 10°C or 22°C. 
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Mapping 

Simple Sequence Length Polymorphism (SSLP) and Cleaved Amplified 

Polymorphic Sequence (CAPS) markers with identifiable differences between Col and 

Ler ecotypes were utilized to determine the Arabidopsis thaliana genome location(s) 

most likely to contain the xip1-1 suppressor mutations. The SSLP and CAPS markers 

utilized in these experiments are listed below in Table 1.  SSLP markers have discernable 

differences in PCR product length whereas CAPS markers require PCR followed by 

restriction enzyme digestion in order to detect genetic differences between ecotypes. The 

following formula was used to determine Col and Ler recombination frequencies:  

%Ler = 1 - %Col = [((# Col/Ler heterozygous plants)+(2*#Ler homozygous 

plants)) / (2*overall total # plants)] *100 

 

DNA Preparation and PCR 

DNA extractions were performed on an aerial tissue sample collected from the 

plants in this experiment according to the protocol available online at http://mcb2. 

arizona.edu/tax/ under “protocols.” In order to genotype plants for xip1-1 and various 

SSLP and CAPS markers, two primer polymerase chain reactions (PCRs) were 

conducted. xip1-1 and CAPS PCR products were digested (xip1-1: MspI/HpaII, CAPS: 

various) then loaded on 1% or 2% agarose gel, respectively.  SSLP PCR products were 

run directly on a 4% agarose gel. The primers utilized for xip1-1 PCR were: xip1-1 F 5’-

CTCTCTGGTCCTATCCCCGTCTCAT-3’ and xip1-1 RTR1 5’-TAATCTTGGTC 
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GTAGGTTTGGAGGT-3’. The primers utilized for all CAPS PCRs are listed in The 

Arabidopsis Information Resource (TAIR) database (9). The primers utilized for SSLP 

PCRs are listed online by the Arabidopsis thaliana Genome Center (ATGC)(27). 

 

 

 

 

 

 

 

 

 

 

 

 

 
Table 1. SSLP and CAPS markers used in this study. For each indicated marker, type 
refers to whether the marker is an SSLP or CAPS marker and chromosome indicates the 
marker’s genetic location; markers on the same chromosome are listed in order of 
specific location on that chromosome. 
 

 

Sequencing 

Samples from plants/lines known to contain both xip1-1 and the 9-12 suppressor 

were combined together, flash-frozen in liquid nitrogen, and shipped to the Robert 

Schmitz’s laboratory at the University of Georgia for whole-genome sequencing 
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(Illumina). The resulting FASTQ files were then downloaded into the University of 

Arizona High Performance Computing (HPC) server. FastQC (v.0.11.5) was utilized to 

analyze the FASTQ data quality and the necessary sequence trimming was performed 

(via Trim Galore v.0.4.1) in order to select for the sequences with high quality. Bowtie 2 

(v.2.1.0) alignment of the resulting trimmed FASTQ files to the Arabidopsis thaliana 

TAIR10 genome was then carried out and the resulting SAM files converted to BAM 

files via SAMtools (v.1.3) for use in further analyses.  

The resulting four BAM files each consisted of whole-genome data for one of 

four sequencing lanes for the same set of samples. Thus, in order to obtain an accurate 

depiction of the SNPs existing in the xip1-1; 9-12 plants when compared to the TAIR10 

reference genome, it was necessary to combine the four BAM files and mark the 

locations in which duplicate sequences exist. Picard Tools (v.2.5.0) was used in adding a 

mark to each BAM file sequence to indicate which BAM file it was generated from, then 

SAMtools was used to merge and sort all four BAM files. The duplicate sequences were 

then marked in the merged BAM file using Picard Tools and an index of the marked, 

merged BAM file was created using SAMtools. 

The Genome Analysis Toolkit (GATK v.3.6-0) was used to identify single-

nucleotide polymorphisms (SNPs) following the GATK best practices and sequence-type 

analysis recommendations (see Sequencing Analysis Code below). SAMtools was used to 

verify the results generated by GATK as GATK is most often used in sequence analysis 

for organisms other than Arabidopsis thaliana. Known Ler SNPs were then filtered out of 

the resulting SNP VCF file using the terminal grep command, leaving only Col SNPs. 

Known Col SNPs were then also filtered out of the resulting SNP VCF file. The 
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remaining novel Col SNPs were then annotated using SnpEff (v.4.2) in order to 

determine which SNPs were coding and could potentially alter protein function. A python 

script was created in order to isolate the non-synonymous SNPs from the annotated Col 

SNP VCF file. 

 

SNP Evaluation 

SNPs detected by sequencing in previously identified XIP1/CEPR1 interactors 

were isolated from the SNP VCF file. Additionally, a list of SNPs with other Col SNPs 

surrounding for a total range of at least 1,200,000bp was generated. This Col-surrounded 

SNP list was then manually filtered for EMS-like (either reference G to A or reference C 

to T transitions) mutations and genes with an alternate name besides its At (Arabidopsis 

thaliana) genomic identification were manually annotated with the known function. The 

following table indicates the primers, restriction enzymes and conditions used in 

evaluation of SNPs potentially causative of the 9-12 suppressed phenotype (Table 2). 

The lines assessed in this experiment were: xip1-1 -/-, 9-12, 9-1 (from the same 

mutagenesis pool as 9-12), and the xip1-1; 9-12 X Ler B and xip1-1; 9-12 X Ler C plants 

that flowered prior to the simultaneously observed xip1-1 -/- controls. For the xip1-1; 9-

12 X Ler B and xip1-1; 9-12 X Ler C lines, 12 plants were assessed for B13, 16 for B40, 

4 for B73, 6 for B160, 8 for B207, 5 for C4, 4 for C23, 2 for C30, 7 for C40, 3 for C80, 3 

for C83, and 24 for C87. Only a small selection of these xip1-1; 9-12 X Ler B and xip1-1; 

9-12 X Ler C line plants were analyzed if 9-12 by itself did not appear to have the SNP 

variation present.  
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Table 2. Primers and restriction enzymes used for evaluation of sequencing-identified 
SNPS in this study. Gene indicates a published name for each gene analyzed. Sense 
primer indicates the forward primer sequence used and antisense primer indicates the 
reverse primer sequence used. Enzyme indicates the enzyme used to digest either the 
wild-type or variant allele and wild-type (bp) or variant (bp) indicates the DNA band 
sizes seen for each allele type after digestion with the indicated restriction enzyme. 
 

 

Sequencing Analysis Code 

The following code was utilized in preprocessing the whole-genome sequencing FASTQ 

files and identifying and annotating SNPs.  

Sequence Preprocessing (FASTQC, Trim Galore, Bowtie 2, SAMtools) 

//downloaded whole-genome sequencing FASTQ files from University of Georgia server 
> module ava 
> module load fastqc/0.11.2 
> fastqc L001.fastq 

//repeated for L002.fastq, L003.fastq, L004.fastq; each represents one 
sequencing lane (i.e. L001 is lane 1) 

> trim_galore –q 20 L001.fastq 
//repeated for L002.fastq, L003.fastq, L004.fastq 

//used following Portable Batch System (PBS) script (.csh) for job submissions: 
!/bin/csh 
#PBS -N L001 
#PBS -m bea 
#PBS -M rwellington@email.arizona.edu 
#PBS -W group_list=anling 
#PBS -q windfall 
#PBS -l select=1:ncpus=12:mem=23gb 
#PBS -l place=pack:shared 
#PBS -l pvmem=12gb 
#PBS -l jobtype=serial 
#PBS -l cput=240:0:0 
#PBS -l walltime=20:0:0 
###source /usr/share/modules/init/csh 
module load bowtie2/2.1.0 
module load samtools/1.3 
cd /gsfs1/xdisk/rwellington/ 
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bowtie2 -x 
/genome/iGenomes/Arabidopsis_thaliana/Ensembl/TAIR10/Sequence/Bowtie2Index/gen
ome -U 132533_S1_L001_R1_001_trimmed.fq -S L001.sam 
samtools view -bS L001.sam > L001.bam 

//repeated for L002, L003, and L004 with all instances of L001 names replaced 
with corresponding L00# specific text 

 

Identifying SNPs (Picard Tools, SAMtools, GATK) 

> nano .bash_profile  
//added PICARD to bash profile; usable as $PICARD 

> java -jar picard.jar AddOrReplaceReadGroups \ 
> I=L001.bam \ 
> O=L001RG.bam \ 
> RGID=1 \ 
> RGLB=lib1 \ 
> RGPL=illumina \ 
> RGPU=unit1 \ 
> RGSM=SUP 

//executed for each individual BAM file with RGID reflecting the indivdual BAM file 
lane number (i.e. L002.bam has RGID=2); defines a read group for the sequences 
in each file; recommended in the best practices for GATK in order to ensure that 
samples are grouped correctly, particularly in cases where there are multiple 
sample pools, though that is not the case here; RGPU and RGSM are arbitrary in 
this case and were set as the same value for all four BAM files 

> samtools merge mergedSUP.bam L001.bam L002.bam L003.bam L004.bam 
//merges the BAM files used into a single one that is more useful when utilizing 
GATK and ensuring that duplicates are properly managed 

>  samtools sort mergedSUP.bam -o mergedSUPsorted.bam 
 //sorts the sequences based on most upstream coordinate reference alignment 
> java -jar picard.jar MarkDuplicates \ 
> I=markedSUPsorted.bam \ 
> O=markedSUPsortedMD.bam \ 
> METRICS_FILE=metricsupdated.txt 
 //marks sequence regions that were sequenced multiple times  
> samtools index mergedSUPsortedMD.bam 
 //creates index of the elements in the BAM file; can be utilized during GATK calls 
> java -jar GenomeAnalysisTK.jar \ 
> -T HaplotypeCaller \ 
> -R genome.fa \ 
> -I mergedSUPsortedMD.bam \ 
> --genotyping_mode DISCOVERY \ 
> -stand_emit_conf 4 \ 
> -stand_call_conf 10 \ 
> -o raw_variants.vcf 
[Total runtime 42986.82 secs, 716.45 min, 11.94 hours] 
[12786560 reads were filtered out during the traversal out of approximately 37080307 
total reads (34.48%)] 
[0 reads (0.00% of total) failing BadCigarFilter] 
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[2940477 reads (7.93% of total) failing DuplicateReadFilter] 
[0 reads (0.00% of total) failing FailsVendorQualityCheckFilter] 
[9846083 reads (26.55% of total) failing HCMappingQualityFilter] 
[0 reads (0.00% of total) failing MalformedReadFilter] 
[0 reads (0.00% of total) failing MappingQualityUnavailable 
Filter] 
[0 reads (0.00% of total) failing NotPrimaryAlignmentFilter] 
[0 reads (0.00% of total) failing UnmappedReadFilter] 

//compares BAM file to reference genome and identifies variants (SNPs, 
Insertions, Deletions) which are listed in the VCF file with a quality score; quality 
score parameters (stand_emit_conf and stand_call_conf) are as recommended by 
GATK for small sample size 

> java -jar GenomeAnalysisTK.jar \ 
> -T SelectVariants \ 
> -R genome.fa \ 
> -V raw_variants.vcf \ 
> -selectType SNP \ 
> -o raw_snps.vcf 
 //pulls out only the SNPS data from the variants VCF 
java -jar GenomeAnalysisTK.jar \ 
> -T VariantFiltration \ 
> -R genome.fa \ 
> -V raw_snps.vcf \ 
> --filterExpression "QD < 2.0" \ 
> --filterName "QD" \ 
> --filterExpression "FS > 60.0" \ 
> --filterName "FS" \ 
> --filterExpression "MQ < 40" \ 
> --filterName "MQ" \ 
> --filterExpression "MQRankSum < -12.5" \ 
> --filterName "MQRankSum" \ 
> --filterExpression "ReadPosRankSum < -8.0" \ 
> --filterName "ReadPosRankSum" \ 
> -o filtered_snps.vcf 
[Total runtime 20.55 secs, 0.34 min, 0.01 hours] 

//filters SNPs based on GATK recommendations for small sample size based on 
quality; selects for only higher quality sequences and discards low quality 
sequences 
 

Annotating SNPs (SnpEff) 

> java -jar snpEff.jar download TAIR10.29 
 //downloads the TAIR10 genome SnpEff database for use by SnpEff 
> java -Xmx4g -jar snpEff.jar -v -stats snpstats.html TAIR10.29 filtered_snps.vcf > 
filtered_snps_annotated.vcf 

//annotates the GATK generated SNP VCF file with whether the SNP is 
intergenic, synonymous, nonsynonymous, etc., protein changes that result from 
the SNP, and known genomic names (i.e. gene names) 
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Results 

Mendelian genetics suggests that when a plant homozygous for the xip1-1 

mutation (i.e. 9-12; xip1-1) is crossed with a wild-type Ler plant, all resulting offspring 

would be heterozygous for the xip1-1 mutation. Given that Arabidopsis self-pollinates in 

the absence of pollinators, the xip1-1 offspring would then produce seeds that are 

homozygous for the xip1-1 mutation 25% of the time.  Of 234 plants in the first 9-12 X 

Ler batch (batch B), 15 (6.4%) were homozygous for the xip1-1 mutation; 4 of these died 

before producing seeds. Of 111 plants in the second 9-12 X Ler batch (batch C), 13 

(11.7%) were homozygous for the xip1-1 mutation. These percentages indicate that there  

 

 

 

 

 

 

 

 

 

 

Table 2. Number of plants that were monitored for each individual xip1-1; 9-12 X Ler 
plant line during the flowering assays. The xip1-1; 9-12 X Ler ID column indicates (1) 
the batch from which the plant line originated (either B or C) and (2) the number of the 
plant from that batch that yielded the seeds planted. The number observed column 
indicates the number of germinated plants from the line indicated in the  xip1-1; 9-12 X 
Ler ID column that were observed for flowering time; for those lines used in mapping, 
the number observed reflects only the confirmed xip1-1 -/- plants. 
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Figure 1.  First flowering assay using the seeds generated from xip1-1 -/-; 9-12 X Ler B 
plants. All graphs show the cumulative frequency of flowering (% of overall flowered) 
over time (days) for the indicated xip1-1 -/-; 9-12 X Ler B seed line (i.e. B13, B28, etc.). 
(A-K) all red lines represent the indicated specific seed line, all light blue lines represent 
the xip1-1 -/- controls, all black lines indicate the 9-12 controls, all light grey lines 
represent the Landsberg (Ler) controls, and all dark grey lines represent the Columbia 
(Col) controls. Only B13, B28, B40, B44, B73, B160 and B207 were utilized in mapping 
after double-checking the xip1-1 genotype for each plant via PCR; only confirmed xip1-1 
-/- plant flowering data are represented in the graphs for these 7 specific seed lines.  
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Figure 2. Second flowering assay using the seeds generated from xip1-1 -/-; 9-12 X Ler C 
plants. All graphs show the cumulative frequency of flowering (% of overall flowered) 
over time (days) for the indicated xip1-1 -/-; 9-12 X Ler C seed line (i.e. C4, C8, etc.). 
(A-M) all red lines represent the indicated specific seed line, all light blue lines represent 
the xip1-1 -/- controls, all black lines indicate the 9-12 controls, all light grey lines 
represent the Ler controls, and all dark grey lines represent the Col controls. Only C4, 
C23, C30, C40, C52, C80, C83, and C87 were utilized in mapping after double-checking 
the xip1-1 genotype for each plant via PCR; only confirmed xip1-1 -/- plant flowering 
data are represented in the graphs for these nine specific seed lines. 
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may be potential lethality associated with 9-12; xip1-1 plants, although further 

experiments need to be carried out for confirmation. The resulting 11 9-12 X Ler B and 

13 9-12 X Ler C xip1-1 seed populations were each planted and monitored for flowering 

time at 10°C. Table 2 shows the number of plants observed for each of the 11 xip1-1; 9-

12 X Ler B and 13 xip1-1; 9-12 X Ler C lines as well as the number of controls observed 

alongside each of the two batches. Figures 1 and 2 show the flowering data for the 

individual 11 B and 13 C lines. 

xip1-1; 9-12 X Ler seed lines were chosen for use in mapping if they had a strong 

suppressor effect, evidenced by their flowering faster than xip1-1 -/- at 10°C and either as 

fast as or faster than wild-type. For example, line xip1-1; 9-12 X Ler B13 was selected 

for mapping because all B13 plants flowered faster than the xip1-1 -/- controls, whereas 

the 9-12 X Ler B45 line plants were not utilized in mapping because the flowering trend 

resembled that of the xip1-1 -/- controls. Plants from xip1-1; 9-12 X Ler B13, B28, B40, 

B44, B73, B160, B207, C4, C23, C30, C40, C52, C80, C83, and C87 lines were 

subsequently used for mapping. Each of the plants observed (see numbers in Table 2) 

were double-checked for the xip1-1 mutation via PCR and, if they were confirmed as 

homozygous xip1-1, were subsequently used for mapping via PCR as outlined in the 

Materials and Methods section. 

 The xip1-1 and 9-12 mutations exist in the Col background; therefore, by crossing 

xip1-1 -/-; 9-12 with Ler and looking for plants with xip1-1 -/- and the xip1-1 suppressive 

phenotype of 9-12, we can then utilize recombination frequencies to determine the most 

likely general location where the 9-12 mutation may exist. Figure 3 shows the Ler 

frequencies for each marker location (see Table 1 in Materials and Methods for marker 
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information). Based on these Ler frequencies, it is most likely that the 9-12 mutation 

exists somewhere on chromosome V given that the majority of xip1-1 -/- suppressed 

plants are Col around this location, given that all mapped plants contained the xip1-1 

mutation, which exists in the Col background. Marker confirmation for this region is 

forthcoming. 

Tissue samples from xip1-1; 9-12 X Ler B and xip1-1; 9-12 X Ler C plants were 

collected and sent to the Robert Schmitz’s laboratory at the University of Georgia for 

whole-genome sequencing. The resulting FASTQ files were obtained, pre-processed and 

analyzed as outlined in Material and Methods. The resulting annotated novel Columbia-

based non-synonymous single-nucleotide polymorphisms (SNPs) list included two 

previously identified XIP1 interactors (data not yet published): PPDK and one gene with 

unknown function, At5g39570. EMS induces a G to A or C to T transition approximately 

99% of the time in Arabidopsis (11). However, none of the possible XIP1 interactors 

picked up exhibit an EMS-like mutation. Although neither PPDK nor At5g39570 

exhibited an EMS-like mutation, the PPDK sequence variant was associated with high 

sequence quality and was therefore explored further to ensure that it was not an atypical 

EMS or spontaneous suppressor mutation, although this would be unlikely. The 

At5g39570 non-EMS-like sequence variation had a sequence quality considerably less 

than that of the xip1-1 SNP mutation and was not analyzed further. Table 3 shows the 

quality scores associated with the altered possible XIP1 interactors, generated by both 

GATK and SAMtools, which utilize different sequence analysis parameters. 
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Figure 3. Landsberg frequencies for the overall collection of xip1-1; 9-12 X Ler B and 
xip1-1; 9-12 X Ler C plants utilized in mapping. The designations of “C” followed by a 
Roman numeral indicate the chromosome (i.e. CI is Chromosome I). All marker 
chromosome locations are approximated to their actual chromosomal location. Ler 
frequencies (% Ler, or 100 - % Col) are indicated in green. The approximate locations of 
select known genes that were altered in xip1-1; 9-12 X Ler plants based on sequencing 
analyses are shown in red (i.e. XIP1). * indicates that the heterozygous DNA, even after 
> 10 hr, is not discernable as more than an elongated smear and the frequency may be 
unintentionally skewed. 
 

 

The list of annotated novel Columbia-based SNPs was further filtered for only 

non-synonymous, EMS-like mutations resulting in either an amino acid change or an 

early stop codon. The final, filtered list included 201 possibilities for the 9-12 mutation 

on chromosome V, not including the xip1-1 mutation, which was also detected as 

expected. SNPs in genes with functions related to sugar or vasculature were selected and 

further evaluated as a possibility for the 9-12 mutation (see Table 3 for the selected 

SNPs). 
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Table 3. Possible 9-12 suppressor causative mutations. C indicates the chromosome that 
the mutation is located on, Location indicates the specific chromosomal location, and 
Gene indicates the associated gene name with that chromosomal location, either the name 
assigned to it in publications (i.e. PPDK) or its standard At (Arabidopsis thaliana) 
number. N Alteration indicates the nucleotide transition that was detected, listed as 
(reference) to (altered) nucleotide. AA alteration indicates the nonsynonymous effect and 
its location in the protein. Sequence Quality (GATK) indicates the associated quality 
reading generated during GATK sequence analysis, Sequence Quality (SAMtools) 
indicates the quality score generated during the SAMtools GATK verification, and 
Function indicates the genes’ published functions as they relate to sugar, vasculature or 
transport with the published reference indicated by the number in parentheses. Note that 
the xip1-1 mutation was detected as a hit in the sequence analysis. 
 

 

 

 

 

 

 

 
Figure 4. PPDK VspI enzyme digestion results. VspI digestion of the PPDK PCR 
product will yield two bands (759 and 318 bp). No VspI digestion will yield a single band 
(1077 bp). Green lines separate sample lines. 9-1; xip1-1 (9-1), 9-12;xip1-1 (9-12), xip1-
1, and Col do not digest. Some 9-12;xip1-1 X Ler plants (C23, C30) and Ler digest. 
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For each altered nucleotide, or variant, detected, the gene sequence was 

downloaded, imported into the program VectorNTI, and two versions of the sequence 

were created: the downloaded wild-type version and a variant version. A small section of 

sequence around the altered nucleotide, both the wild-type version and the variant 

version, was copied and run through NEB Cutter v.2.0, as described in Materials and  

Methods, in order to identify an enzyme that digested either the wild-type or variant 

exclusively. The enzyme recognition site was then added to VectorNTI, if it was not  

already in the database, and primers were designed so that the identified enzyme cut one 

or two times within a chosen PCR-amplified selection around the altered nucleotide 

location. If there was no enzyme that recognized either the wild-type or variant version or 

the identified enzyme cleaved too frequently within any possible amplification selection, 

PCR products were sequenced instead. 

Using this methodology, it was confirmed that PPDK does not host the 9-12 

suppressor mutation. The PPDK variant version is recognized by the restriction enzyme 

VspI (AseI), whereas the PPDK wild-type version is unrecognized. PPDK PCR products 

from 9-12; xip1-1 mutants were unrecognized by VspI, as were both the PCR products 

from xip1-1 and a suppressor line from the same mutagenesis batch, 9-1; xip1-1. Some 9-

12; xip1-1 X Ler plants with a strong suppressor phenotype (flowered before xip1-1) 

were recognized and digested by VspI. PPDK PCR products from Ler plants were also 

recognized and digested by VspI, indicating that the PPDK variant version stems from 

our Ler background (Figure 4).  

 Primers for PER62, At5g39570, SWEET8, PNG1, ERF105, and PP2-A14 have 

been designed and further analysis for these variants is forthcoming.  
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Discussion 

 XIP1/CEPR1 has been linked to nitrogen transport and vascular tissue and lateral 

root development, suggesting that it may have a more general role in long-distance 

signaling given that the vascular system and lateral root system are important elements in 

acquiring nutrients from a plant’s environment. Previous data from a 

coimmunoprecipitation experiment (unpublished data) has indicated various sugar 

transport and vasculature-associated proteins as interactors of XIP1/CEPR1. The sucrose 

and vasculature-associated proteins that were shown to coimmunoprecipitate with 

XIP1/CEPR1 included the enzyme PPDK, which is linked to synthesis of sugars from 

pyruvate, and SWEET11, a sucrose transporter. 

 In these experiments, we mapped a suppressor (9-12) of the xip1-1 cold-sensitive 

phenotype to the lower region of chromosome V, given that Ler frequencies are still 

relatively high (much greater than 0%) in the upper region. Germination and phenotypic 

frequencies do not make it clear whether the 9-12 mutation is dominant or recessive. 

Similarly, there is no definite 9-12-associated mutation that is immediately evident from 

sequencing results. However, sequencing did yield several possibilities that could 

potentially explain the suppressive phenotype based on known protein function and 

location. These include: PER62, SWEET8, PP2-A14, ERF105, and PNG1.  

 PER62, also commonly referred to as simply Peroxidase (19), is associated with 

the metabolism of lignin, which is found in xylem cell walls, and auxin, a predominant 

growth hormone (1,5,23). PER62 is expressed at low levels throughout the root, leaves, 

flowers, early siliques and portions of the stem (visualized in the Arabidopsis eFP 

Browser v.2.0). Recently, PER62 was found to be approximately 5-fold up-regulated in a 



IDENTIFICATION OF A COLD-SENSITIVE MUTANT SUPPRESSOR 26	
	

microarray experiment for plants deficient in cytosolic Glyceraldehyde-3-P 

dehydrogenase, GAPC-1, which catalyzes one of the early steps in glycolysis; this links 

PER62 to sugar metabolism via its peroxidase role in oxidative stress response (19). 

Also, given that auxin is transported through the vasculature, if the 9-12 suppressor is in 

PER62, this may link XIP1/CEPR1 to a more general role in vascular transport. 

 SWEET8 is a bidirectional glucose transporter (4) and is expressed at high levels 

in pollen, moderate levels in developing flowers, and low levels in stems, leaves, early 

siliques, and root (visualized in the Arabidopsis eFP Browser v.2.0). SWEET8 has been 

specifically linked to pollen viability (also known as RUPTURED POLLEN GROWTH1, 

RPG1) (21) whereas other SWEET transporters, SWEET11 and SWEET12, transport 

sucrose through the phloem cell membrane (4). In leaves, SWEET8 is thought to 

primarily provide glucose for pollen growth given that it is most highly expressed in 

pollen (21). If XIP1/CEPR1 is involved in sugar transport and only regulates the function 

of a subset of sugar transporters as the coimmunoprecipitation assay may suggest, it is 

possible that a mutation that allows another sugar transporter, such as SWEET8, to be 

more active or constitutively active in tissues where it is only mildly expressed could 

surpass the effect of the xip1-1 mutation. 

 PP2-A14 encodes a version of PHLOEM PROTEIN2 (PP2), a P-protein that 

typically acts as a lectin and binds certain carbohydrates, such as sugars (7). PP2-A14, 

also known as SKIP13, specifically encodes a PP2 protein that can act as the F-Box 

Protein component of the SCF/ASK E3 ubiquitin ligase complex (18). However, 

although PP2-A14 was identified as an F-Box Protein, there is still a possibility for PP2-

A14 to have other as yet unidentified functions within the phloem. If the 9-12 suppressor 
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mutation is in PP2-A14, there are several possibilities for why it overcomes the possible 

xip1-1 inhibition of sugar transport. For example, it is possible that the xip1-1 allele 

encodes a form of XIP1/CEPR1 that is more readily degraded, but if PP2-A14 is no 

longer functional the mutated form of XIP1/CEPR1 is more stable and is available to 

carry out its function, thereby suppressing the xip1-1 cold-sensitive phenotype. 

 ERF105 (At5g51190) is an ethylene response factor (ERF) that is primarily 

associated with light-induced stress (i.e. high light levels) (15,25), which will likely have 

an effect on glucose production. ERF105 (At5g51190) was also shown to be upregulated 

in sweetie mutants, which have altered carbohydrate metabolism resulting in dwarfism 

and sterility (24). This implies that ERF105 may be involved in mediating carbohydrate 

(i.e. sugar) levels within the plant, although ERF105 itself has not been extensively 

studied. Thus, if the 9-12 mutation is in ERF105, it is possible that ERF105 either gains 

or loses function and is able to surpass a XIP1-mediated sugar transport pathway. 

 PNG1 (At5g49570) is a cytoplasmic Peptide:N-glycanase that deglycosylates 

proteins, targeting them for endoplasmic reticulum-associated degradation (13). If the 9-

12 mutation is in PNG1, as with PP2-A14, there are several possibilities. For example, it 

is possible that PNG1 loses its function and results in the lack of degradation of a protein 

that typically participates in sucrose transport, which could allow for sugar transport 

regardless of XIP1/CEPR1. Likewise, if the mutated form of XIP1/CEPR1 is more 

unstable and PNG1 typically targets it for degradation, losing PNG1 function may result 

in more available XIP1/CEPR1. 

 While results are forthcoming regarding the identity of the 9-12 suppressor 

mutation, mapping and sequencing has led to several promising possibilities that may 
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link XIP1 to sugar transport. The previous identification of multiple sugar-associated 

factors that interact with XIP1/CEPR1 lends credibility to the idea that a suppressor of 

the xip1-1 cold-sensitive phenotype may lie in other sugar-associated proteins. There is 

also a possibility for something unrelated to sugar transport or metabolism to act as the 

suppressor of the xip1-1 phenotype; however, most of the proteins with known function 

outside of the sugar-associated proteins did not have a directly obvious link to the 

suppressor phenotype. If the 9-12 suppressor mutation does exist in one of the genes 

described above, it would support a more general role for XIP1/CEPR1 in transportation 

and further experiments would be needed to further elucidate the overall role of 

XIP1/CEPR1 in this process. 
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