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Abstract: Potato tuber yields depend on nitrogen (N) supply, which affects source—sink relations.
Transcriptome sequencing of the foliar source using a single field trial identified gene expression
responsive to 180 kg N ha™!. The expression of N-responsive genes was further analyzed in the next
stage using a NanoString nCounter over an expanded number of foliar samples from seven field trials
with varying N rates, sites, and cultivars. Least absolute shrinkage and selection operator (LASSO)
regression models of gene expression predictive of yield, total plant N uptake, and tuber-specific
gravity (proxy for dry matter) were built. Genes in the LASSO model for yield were associated with
source—sink partitioning. A key gene regulating tuberization and senescence, StSP6A Flowering locus T,
was found in the LASSO model predicting tuber yield, but not the other models. An aminotransferase
involved in photorespiratory N assimilation and amino acid biosynthesis was found in all LASSO
models. Other genes functioning in amino acid biosynthesis and integration of sulfur (S) and N
metabolism were also found in the yield prediction model. The study provides insights on N
responses in foliage of potato plants that affect source-sink partitioning. Additionally, N-responsive
genes predictive of yield are candidate indicators of N status.

Keywords: nitrogen utilization; tuber yield; specific gravity; LASSO; gene expression; source—sink;
crop N status

1. Introduction

Tubers are underground starch-storage extensions from the stem, which are used for vegetative
propagation and are the major sink organ of the potato (Solanum tuberosum L.). Tuber yield is dependent
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on radiation intercepted by leaves and is responsive to N fertilization [1]. Increasing N supply
increases plant canopy development, which then increases radiation reception leading to increases in
photosynthates used for tuber production [2—4]. Sub-optimal N supply leads to growth retardation
and low tuber yield and quality. However, application of N in excess of the plant’s N requirement can
contribute to environmental pollution, particularly, nitrate leaching to groundwater and emissions
of nitrous oxide, a greenhouse gas [5]. High N rates can also result in decreased tuber quality [6,7].
There are complex relationships between N supply and source-sink relations in tuber production.
Under commercial potato production, roots take up N from soils via transporters mostly as nitrate
but also in the form of ammonium [8]. These inorganic nitrogenous compounds are assimilated into
organic compounds by a series of enzymatic processes occurring primarily in leaves resulting in
synthesis of amino acids [9]. The foliar response to N contributing to source-sink relations in tuber
production is not well-understood. Studies have shown that N supply affects leaf size and duration
rather than photosynthetic efficiency [10-13]. To better understand source responses to N that affect
sink development, the current study examined gene expression in source tissue (leaves of the potato
vine) mid-season to find N-responsive biological processes associated with tuber yield. Gene expression
associated with tuber dry matter (as measured using specific gravity as a proxy trait) and total plant
N uptake were also compared. Knowledge of N-responsive processes contributing to tuber yield is
needed to improve N use efficiency in potato plants and to develop indicators of crop N status to guide
the optimization of N fertilizer application. Application rates of N are currently mainly guided using
predictions of mineral N supply from the soil, which does not take into account in-season variation
in growth conditions [5,14]. In-season monitoring of N status during crop growth can provide more
precise determination of the N requirement needed to meet economic and environmental goals [15,16].
Development of a foliar diagnostic is advantageous as the tissue is above ground and accessible for
sampling. Foliar gene expression responsive to N was identified in other studies and has potential
application in monitoring crop N status [17-22]. In addition to N response, genes with functions
associated with source-sink relations have even greater relevance to crop N status, and identification
of these genes was the goal of the current study.

The current study used data from a single field trial to identify N-responsive gene expression
in potato foliage. Two methods were used to identify differentially expressed genes with N
supply—CuffDiff [17,23] and uncorrelated shrunken centroids [24]. The foliar expression of the
N-responsive genes was then analyzed over seven field trials where samples used for analysis of gene
expression were taken from the plants in the same plots used for collection of crop data—yield, total N
uptake and specific gravity. Multiple field trials enabled yield to be determined across a range of soil
and environmental conditions, which provided a more accurate picture of sink partitioning under
N supply compared to greenhouse trials using potted plants. In the current study, transcriptome
sequencing was used to identify genes differentially expressed with N supply using a single field
trial [17]. These N-responsive genes were further analyzed using the NanoString nCounter platform [25].
This platform quantifies gene expression by direct counting of mRNA transcripts hybridized to probes
labelled with fluorescent tags using an imaging system embedded in the instrument. The nCounter
system does not require enzymatic steps, hence analysis of large numbers of samples can be done in
shorter amounts of time with less laboratory handling compared to transcriptome sequencing and
RT-PCR. The capacity for analysis of large sample numbers and relatively low cost of nCounter analysis
makes it amenable as a diagnostic tool for gene expression compatible with in-season monitoring of N
status in potato plants. The nCounter system was used to quantify gene expression for a large set of
samples assembled from seven replicated field trials at four locations across Canada involving five
cultivars of potato grown at varying N rates. A novel data mining approach with LASSO was used
to analyze the nCounter data to find gene expression predictive of tuber yield, total plant N uptake,
and tuber-specific gravity. Studies by others have demonstrated the effectiveness of LASSO in mining
gene expression to find genes involved in seed coat mucilage and pectin metabolism in Arabidopsis
thaliana [26]. LASSO both selects a subset of highly correlated genes and performs ridge regression



Agronomy 2020, 10, 1617 3 0f 20

to make predictions [27]. As such, genes selected in the LASSO analysis provided further insight
into N-responsive molecular processes associated with yield, total plant N uptake, and tuber-specific
gravity. This information was used to identify candidate indicators for N status.

2. Materials and Methods

2.1. Field Trials

Tubers were planted at four locations in Canada (Carberry, MB; Péribonka, QC; Harrington, PE;
and Fredericton, NB), in a total of seven field trials, to capture a range of soil and environmental conditions
(Table 1 and Supplementary Table S1). The 30-year average mean temperature and precipitation during the
growing season is presented in Table 1 to illustrate the variation in the sites. Leaves were sampled for gene
expression between 42 and 50 days after planting (DAP) from the seven trials, which was coordinated with
the timing of a second application of N in split N fertilization (Table 1) [6]. Cultivars planted at each site
varied. In total there were five cultivars (Russet Burbank, Jemseg, Shepody, Atlantic, and Classic Russet).
Each cultivar was planted in four replicate plots of 15 hills (plants) for each N treatment for each trial.
Various rates and sources of mineral N fertilizer were applied depending on the site (see Supplementary
Table S1 and S2). Nitrogen fertilizer was applied at planting at all sites and a second application of fertilizer
was applied at dates indicated in Table 1 at three of the sites. For data analysis, the total N rate from both
applications was used. Samples treated with total N rates of 106 and 120 kg N ha~! were combined as a
106-120 treatment rather than as separate treatments, and similarly total N rates of 180 and 200 kg N ha™!
were combined as a 180-200 treatment. Combining samples for the treatment was supported by data that
showed that there were no statistically significant differences in yield, specific gravity, or total N uptake
response between the 106 and 120 kg N ha™! treatments or between the 180 to 200 kg N ha! treatments
(data not shown).

Total yield (tuber mass per hectare) was determined by weighing tubers in each plot that had
a known area. Whole plant samples (4) were removed from each plot. Vines, stolons, and readily
recoverable roots were washed, oven-dried, and weighed to determine dry matter yield. Dried plant
tissue was ground and total N concentration was determined by dry combustion [28]. Tuber-specific
gravity was used as a proxy for tuber dry matter [29]. Specific gravity was calculated on approximately
4.5 kg of tubers with marketable size categories from each plot using the weight in air minus weight in
water method [30].

2.2. RNA Extraction

For each plot, the last fully expanded leaf from each of 15 hills (plants) from each plot was sampled
using a hole punch 42-50 days after planting. The 15 leaf disk samples were pooled in a 2 mL screw
cap tube with 750 uL of RNALater (Ambion, Austin, TX, USA). Leaf disks were stored at 4 °C for up to
two weeks. RN ALater was removed and leaves were rinsed twice in borate buffer (200 mM sodium
borate decahydrate (Borax), pH 9.0, 30 mM ethylene glycol bis (3-aminoethyl ether)-N-N’-tetraacetic
acid (EGTA), 1% (w/v) sodium dodecyl sulfate (SDS), and 10 mM dithiothreitol) plus 1% (w/v) sodium
deoxycholate and 2% (w/v) polyvinylpyrrolidone (PVP) (Mr 40,000)) [31,32] at room temperature.
The borate buffer was drained and the leaves were flash-frozen in liquid nitrogen. Leaf tissue was
ground using two metal ball bearings in a FastPrep24 homogenizer (MP Biomedical, Solon, OH, USA).
Samples were pre-extracted in 1 mL borate buffer. The lysate supernatant (200 pL) was used for RNA
extraction with the Biomek NXP Laboratory Automation Workstation (Beckman Coulter, Mississauga,
ON, Canada) using the RNAdvance Tissue Kit (Beckman Coulter, Mississauga, ON, Canada) according
to the manufacturer’s instructions for liquid samples. The RNA concentration and quality were
determined using a NanoDrop 1000 Spectrophotometer (Thermo Scientific, Dartmouth, NS, Canada)
and 2100 Bioanalyzer (Aglient Technologies, Santa Clara, CA, USA), respectively. There was a total of
162 samples in the study.



Agronomy 2020, 10, 1617 4 of 20

Table 1. Field trials. The locations of the trial are followed by the latitude and longitude coordinates in decimal degrees in brackets. Fertilizer was applied at planting
and at a second application for three of the sites. The planting, second application, and harvest dates are indicated as month/day/year (m/d/y). Second application
and harvest dates are followed by days after planting (DAP). The soil type, the 30-year average temperature of the growing season from May to October (Avg °C),
and average precipitation in mm from May to October (precipitation (mm)) are presented.

Trial Name Loca:i)(::; 1:]i;;imal Planﬁ;‘:jg/;)ate Secc;ll}j/z;lz]g{ic;)tion II-II;;‘/I;S(tD l?:s Soil Type Avg°C Prec(irﬁi;a)tion
Carberry-Off (f;;g;r_%gg) 5/16/2014 6/25/2014 (40) 9/19/2014 (126)  loamy fine sand 13.7 337
Carberry-On (f;;lgzr_gyégféz) 5/15/2014 6/24/2014 (40) 9/22/2014 (130) clay loam 13.7 337

Peribonka (IZZ?‘Z%T;?O%; 6/11/2014 7/21/2014 (45) 9/24/2014 (106) silty loam 12.0 500

Charlottetown gzr%gg_g‘l SI:S 5/21/2014 N/A 10/6/2014 (138) sandy loam 15.0 461
MAT2014 Eigie;;fzogéﬁ? 5/25/2014 N/A 9/29/2014 (127) loam 146 549
GE2012 Izzgiezréiog_‘ég? 5/23/2012 N/A 10/3/2012 (105) loam 14.6 549
PK2014 Fredericton, NB 2/6/2014 N/A 9/30/2014 (120) loam 14.6 549

(45.925-66.615)
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2.3. Transcriptome Sequencing Data Analysis

Genome-wide gene expression analysis was done using transcriptome sequencing data from a
previous study [17] that used leaves from the GE2012 trial (Table 1, Figure 1). Briefly, leaves were
sampled from the GE2012 trial from three cultivars (Russet Burbank, Atlantic, and Shepody) treated
with two fertilizer N rates, 0 (control) and 180 kg N ha™! (treated) in a randomized complete block
design with four blocks. Sampling of leaves was done at two dates—25 July and 8 August 2012.
Forty-eight samples from the GE2012 trial were used for the transcriptome analysis. National Centre for
Biotechnology Information Gene Expression Omnibus (NCBI GEO) accession for the data is GSE75926.
Differentially expressed genes between the control and treated samples were identified using the
negative binomial t-test in CuffDiff for the three cultivars at two time points [17]. The fragments per
kilobase of transcript per million mapped reads (FPKM) from the transcriptome sequencing data
was further analyzed using another approach in the current study. FPKM was log, transformed and
analyzed using uncorrelated shrunken centroids (USC) [24] as implemented in Multi-experiment
Viewer (MeV4.9) [33] with delta 2.5, #bins 20, and rho 0.9. USC is a supervised machine learning
classification algorithm that was used to select genes that can classify samples into control and treatment
groups based on gene expression. All of the differentially expressed genes from the previous and the
current transcriptome sequencing data analyses were combined as the set of N-responsive foliar genes
for further analysis using nCounter.

Single field trial —————— Transcriptome sequencing of leaves

(GE2012):

Lsite Compare gene expression between 2 N rates of 0and 180 kg N ha*
2 N rates

2 sampling dates l

3 varieties CuffDiff and Uncorrelated Shrunken Centroids classification

4 replicate plots l

48 samples

N responsive gene expression in leaves — 63 genes

}

Multiple field trials: |, 63-gene n-Counter gene expression assay

7 sites

>N rate§ Foliar gene expression predictive of yield, total N uptake and specific gravity
1 sampling date

S varieties l

4 replicate plots LASSO regression analysis with feature extraction

162 samples

Reduced gene expression linear regression models

tuber yield total N uptake specific gravity
22 gene model 19 gene model 25 gene model

Figure 1. Data collection and analysis of gene expression.
2.4. nCounter Gene Expression Analysis

Multiplex analysis of the expression of 68 genes was done using the nCounter Digital Analyzer
(NanoString Technologies, Inc., Seattle, WA, USA). Details of nCounter multiplex gene expression
analysis are described elsewhere [25]. The natural logarithm was used to transform data prior
to analysis. The genes included five reference genes and 63 N-responsive experimental genes
(Supplementary Table S1). The probe sequences used in the nCounter CodeSet were from the potato
genome reference sequence [34] and are in Supplementary Table S3. Thirty-six of the experimental
genes were identified using the USC analysis described above. Another 24 genes were identified
using a negative binomial t-test from a previous study [17] and three were selected based on
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previous studies using nCounter [19,21]. There were four glutaredoxin genes identified using USC;
however, the nCounter assay had a single probe for detecting Sotub04g010640 (glutaredoxin) due
to the similarity in sequence between the glutaredoxin genes. This probe can detect all four genes,
therefore expression for the Sotub04g010640 was representative of any and all the glutaredoxin genes.
However, the transcriptome sequencing analysis indicated that only Sotub04g010640 showed differential
expression with N supplementation. Unique probe sequences were found for all of the other genes.
The five reference genes were adenine phosphoribosyl transferase (aprt), tubulin, cyclophilin [35,36], elongation
factor 1-a(efla) [37], and COX1 [38]. The nCounter data was adjusted using the manufacturer-provided
spiked positive and negative controls according to the manufacturer’s instructions. The geometric
mean of the reference genes was calculated and used to normalize the experimental genes on a per
sample basis [39,40]. The 48 samples from GE2012 used for transcriptome sequencing were analyzed
using nCounter and Spearman rank correlation was performed using SYSTAT v. 13 (Systat Software,
San Jose, USA) and used to compare expression data from nCounter and transcriptome sequencing.
For the LASSO analysis 24 of the samples from GE2012 (from the first time point at 47 DAP) were
used along with another 138 samples from the six other field trials for a total of 162 samples (Table 1,
Figure 1). A heat map of the log. transformed nCounter gene expression data was generated using
Multi-Experiment Viewer (version MeV4.9) [33].

2.5. Statistical Analysis

The nCounter data for 63 N-responsive genes from 162 samples in the seven field trials (Figure 1)
were used for analysis. Selection of genes was done using LASSO, a regularization method, to fit a
regression on the nCounter gene expression data against yield, total N uptake, and specific gravity.
Coefficients for the model are calculated using the following criteria [27].

PN N - ;
‘Blasso _ argmin{,z (yz —Po— Z Xijﬁj)2 +A Z |ﬂ]|}
i=1 =1 =1

, )
= argmin{RSS + A }, |ﬁj|}
=1

where x;; is the observation i for the variable j, y; is the response for observation i, and RSS is the residual
sum of squares. By adding the penalty term A Z?:l l B|, small coefficients will shrink to zero, as regulated
by the tuning parameter A. In the current analysis A was chosen through ten-fold cross validation via

the glmnet package in the R statistical computing software (https://www.R-project.org/) [41]. The data
were separated into training and testing sets and evaluated through a ten-fold cross validation. Outliers
were removed.

For each fold of the cross-validation, 100 bootstrapped samples of the training data were analyzed
using the LASSO model. A reduced model was determined for each fold by selecting variables that
were included over the bootstrapped samples more than 50% of the time for that particular fold. That is,
if a variable’s coefficient was greater than zero more than 50 times across the 100 bootstraps within a
given fold in cross-validation, it was selected to be included in the regression model. Then, genes that
were common across all ten folds were selected for the final set of variables (LASSO10).

The model using the LASSO10 reduced set of genes was then fitted to the training data using
linear regression and evaluated using the test data. Cross-validated test mean squared error (MSE)
and adjusted R-squared results on training data were both calculated. These results were compared
to cross-validated MSE and adjusted R-squared results from a linear model including all genes for
assessing improvement of the fit with the reduced LASSO10 models.

SpudDB—http://solanaceae.plantbiology.msu.edu/index.shtml [42]—was used to identify Arabidopsis
thaliana genes that aligned with genes in the LASSO reduced models. The Arabidopsis Information
Resource—www.arabidopsis.org [43]—was used to search further information on gene function.
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3. Results

3.1. Identification of N-Responsive Genes Using Transcriptome Sequencing

Transcriptome sequence data from a single field trial (GE2012, Table 1) were mined for genes
showing differential expression between 0 (control) and 180 kg N ha™! (treated) treatments to find
N-responsive genes (Figure 1). A previous study used the negative binomial t-test in CuffDiff to identify
differential expression for each of the three cultivars—Atlantic, Shepody, and Russet Burbank—in the
GE2012 trial at two time points [17]. There were 39 genes showing differential expression across
the cultivars and time points. In the current study, USC was used to filter a set of genes that can
classify samples as control (0 N) and treated (supplemented with 180 kg N ha~!) using the same
data as Galvez et al. [17]. Forty-one genes were found to classify samples as control and treated
(Table 2). Eighteen of these genes overlapped with the differentially expressed genes in the CuffDiff
analysis from Galvez et al. [17]. There were 23 genes in the USC classifier that did not show differential
expression with CuffDiff. Many of the genes unique to USC analysis included those with low expression
levels. The differences between the CuffDiff and USC analyses indicate that each method has biases,
and there are advantages to identification of N-responsive genes using more than one analytical method.
The differentially expressed genes from Galvez et al. [17] and the USC classifier genes were combined
to generate a 63-gene nCounter assay for gene expression analysis (Table 2, Supplementary Tables S1
and S3). The nCounter assay had decreased sample processing and was less expensive to run over
large numbers of samples. This made nCounter suited to analysis of a larger number of samples
collected in multiple field trials. A Spearman rank correlation analysis was done to compare gene
expression from transcriptome sequencing (FPKM) and nCounter (Figure 2). The results indicate that
the R? is 0.84, which provided validation for gene expression from these two platforms.

100000
R‘=0.84
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. L ]
[ ..
,‘J
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*e
1000 5 “ o ®e o
f. e® ™ .
2 . . *e% .
5 : o 3% 4
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Figure 2. Correlation between nCounter and FPKM from transcriptome sequencing. The same RNA
samples were used for analysis for nCounter and FPKM values. Values for each of the samples were
graphed. The R? is from Spearman rank correlation.
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Table 2. Differentially expressed genes from transcriptome sequencing analysis of leaves from the GE2012 trial. Foliar samples from the GE2012 were used for
transcriptome sequencing [17]. Genes in gray and white boxes were found to be differentially expressed in Galvez et al. [17] using CuffDiff. The same transcriptome
sequencing data was re-analyzed in the current study using uncorrelated shrunken centroids (USC) for classifying control and treated samples to identify differentially
expressed genes. Genes in gray boxes show differential expression in both CuffDiff and USC analyses. Genes showing differential expression for just USC (blue boxes)
and CuffDiff (white boxes) are shown. Genes in green boxes were examined in previous studies [19,21], but were not found to be differentially expressed in the
transcriptome sequencing analysis. The fragments per kilobase of transcript per million mapped reads (FPKM) were averaged for control (0 N) and treated (180 kg N
ha™1) samples over the three cultivars and two time points from the GE2012 trial. The iTAG ID for the genes is from Potato Genome Ssequencing Consoritum (PGSC)
v4.03. The nCounter ID are the labels for the genes in the nCounter assay (Supplementary Table S1). Letters on the right indicate the LASSO10 model that included the
gene. Y = LASSO10 yield model, N = LASSO10 total N uptake model, S = LASSO10 specific gravity model.

iTAG nCounter Description FPKM Control FPKM Treated nCounter Control nCounter Treated LASSO
Sotub05g028860 St.FT Flowering locus T protein 56.76 23.52 4315 188.6 Y
Sotub06g008080  St.MSF5A Male sterility 5 family protein (Fragment) 90.98 617.84 173.38 2920.28 Y
Sotub10g020080 St.PP2C Protein phosphatase 2C 0.02 0.2 10.87 16.74 Y
Sotub10g025870 St.ProH DUF584 domain containing protein; S40 senescence regulator 1.13 6.61 22.23 48.45 Y
Sotub04g027100  St.SulfT2A High affinity sulfate transporter 2 2.35 18.66 31.03 114.11 Y
Sotub12g011840 St.Unk4 Hypothetical gene of unknown function 213.13 1771.26 11.82 101.41 Y
Sotub08g027190 St.CGL Cystathionine gamma-synthase 6.44 21.9 25.82 128.98 Y, S
Sotub10g024560 St.GST Glutathione S-transferase 76.76 331.91 419.04 1913.08 Y, S
Sotub01g049920 St.Nod Nodule inception protein; RWP-RK domain-containing protein 29.26 12.47 140.67 68.78 Y, S
Sotub12g031130  St.PolyAP Poly(A) polymerase 5.07 1.61 62.26 21.28 Y,S
Sotub02g033320 St.ProD Proline dehydrogenase 35.88 12.61 252.32 105.8 Y, S
Sotub12g027600  St.TRDX DSBA-like thioredoxin domain containing protein 53.79 478.31 390.79 3815.08 Y, S
Sotub12g020880 St.UBIE Phosphoethanolamine N-methyltransferase 281.83 125.14 1108.19 1014.9 Y, S
Sotub04g006310 St.Unk3 Unknown Protein 0 2.14 18.52 30.83 Y, S
Sotub08g025870 St.AOX Primary amine oxidase 72.65 32.27 1795.55 843.27 Y,N,S
Sotub10g018540  St.ATrfA Aminotransferase like protein; alanine-glyoxylate aminotransferase 2.23 56.51 30.74 202.64 Y,N,S
Sotub03g016050 St.CysPI1 Cysteine protease inhibitor 1 0.11 0.45 56.44 94.26 Y,N,S
Sotub01g022620 St.MSRB Peptide methionine sulfoxide reductase msrB 36.19 164.77 32.43 128.18 Y,N,S
Sotub03g011570  St.P109A DUF607 domain containing protein/Ca?* uniporter 0 0.69 32.66 38.72 Y,N,S
Sotub10g013730 St.PLD Phospholipase D 0 0.07 3.84 425 Y,N,S
Sotub08g007230 St.RPK Receptor-like protein kinase; ATP binding protein 0.02 1.87 2.69 423 Y,N,S
Sotub09g023510  St.SulfT2C  Sulfate/bicarbonate/oxalate exchanger and transporter sat-1; group 3 sulfate transporter 5.78 1.85 65.77 40.66 Y, N, S
Sotub12g007850  St.Apase Cytosol aminopeptidase family protein; leucine aminopeptidase 9.44 41.07 26.88 45.69 N, S
Sotub03g018710 St.PP7B Serine/threonine-protein phosphatase 7 long form homolog 0.09 2.93 10.41 88.73 N, S
Sotub04g023170 St.Unk1 Phytochrome-interacting factor 3.1 3.61 53.37 34.04 607.97 N, S
Sotub01g023000 St. Xyl Aspartic peptidase 21.13 69.85 198.5 515.82 N, S
Sotub06g016810 St.CLH Chlorophyllase 58.61 49.38 770.14 703.2
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iTAG nCounter Description FPKM Control FPKM Treated nCounter Control nCounter Treated LASSO
Sotub04g031010 St.LOB38A LOB domain protein 38 0.12 0.63 25.45 30.7 N
Sotub02g031040  St.LOB38B LOB domain protein 38 13.59 31.9 83.58 141.23 N
Sotub05g012720 St.MtN21 Nodulin MtN21 family protein 84.96 27.2 508.49 192.39 N
Sotub08g005390 St.NT Nitrate transporter 1.48 9.72 10.65 47.64 N
Sotub09g012260 St.PP7A Serine/threonine-protein phosphatase 7 long form homolog 0.02 4.82 18.1 192.28 N
Sotub11g010490 St.PyrK Pyruvate kinase 104.48 223.18 686.65 1302.26 N
Sotub02g033060 St.EPI PQ-loop repeat family protein / transmembrane family protein; sucrose transporter 6.83 48.14 88.05 118.25 S
Sotub03g018720 St.GluAse Alpha-glucosidase-like 45.81 523.27 129.69 3215.26 S
Sotub04g026530 St.PDX Peroxidase 16.23 43.55 72.72 164.05 S
Sotub07g009860 St.PEPT Peptide transporter 2.59 18.9 6.7 40.64 S
Sotub09g024290 St.Sulfase Sulfate adenylyltransferase 170.6 566.95 210.07 1051.94 S
Sotub05g024960 St.AAT1 Amino acid transporter 46.46 177.1 335.53 1427.92
Sotub11g012150 St.AAT2 Transmembrane amino acid transporter 5.57 39.63 24.62 112.82
Sotub04g019200 St.AT1 Ammonium transporter 1, member 2 (LeAMT1;2) 683.45 443.32 6349.83 4392.36
Sotub12g011100 St.ATrfB Gamma aminobutyrate transaminase isoform3 73.48 532.05 354.92 2851.1
Sotub09g009440 St.CatT Cation/H+ antiporter 13.85 4.16 402.58 245.55
Sotub08g007240 St.CatTR Cation transport regulator-like protein 2; gamma-glutamylclyclotransferase 364.05 1806.56 1044.62 7793.81
Sotub08g014020 St.CHI Chalcone isomerase 11.17 63.56 196.46 1021.25
Sotub02g014150 St.CICh Voltage-gated chloride channel; CLC-Nt2 protein 34.33 7191 150.63 306.12
Sotub09g029950 St.CWP Cell wall protein 586.33 138.66 12701.21 5091.67
Sotub02g036900 St.CysT Lysosomal Cystine Transporter family protein 498 17.18 29.55 112.29
Sotub11g007090  St.DUF506A DUF506 domain containing protein 7.73 56.04 128.44 1994.76
Sotub11g007110  St.DUF506B DUF506 domain containing protein 8.33 64.64 21.95 83.52
Sotub01g005580 St.GluDC Glutamate decarboxylase isozyme 3 10.4 26.87 45.43 110.42
Sotub04g010640 St.GR3 Glutaredoxin 3.58 23.35 112.2 495.13
Sotub08g024220 St.InosD Oxidoreductase 28.88 329.76 105.2 2087.67
Sotub01g049270 St.Kinase Protein kinase 3.2 44.89 17.8 178.44
Sotub12g012740 St.LIP Chloroplast lipocalin 77.39 35.31 641.61 329.74
Sotub08g028270 St.MIP Methanol inducible protein 80.14 221.33 306.61 791.64
Sotub09g018850 St.MSF5B Male sterility 5 family protein; Pollenless3 13.37 135.3 56 984.12
Sotub08g024820 St.NT2 Low-affinity nitrate transporter 46.84 34.42 385.18 257.99
Sotub10g014450 St.PBenzR Isoflavone reductase homolog 15.41 487.58 90.58 2220.52
Sotub04g021910 St.SulfT Plasma membrane sulfate transporter 19.26 85.77 238.24 645.07
Sotub10g013960 St.SulfT2B High affinity sulfate transporter type 1 1.24 5.6 13.63 40.54
Sotub03g017290 St.Unk2 UP-9A; Response to low sulfur 1 protein 49.28 148.11 139.56 465.3
Sotub10g017020 St.Unk5 Unknown Protein 9.92 51.13 478.09 1714.8
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3.2. N-Responsive Gene Expression Predictive of Yield, Total N Uptake and Specific Gravity

The N-responsive genes identified from transcriptome sequencing were further analyzed in seven
field trials (Table 1) using nCounter. Supplementary Table S3a—c summarizes the cultivars and N rate
treatments for each of the plots at the seven field trial sites. In each of the field trials, the foliar tissue
used for gene expression analysis was sampled from plants in same plots used to collect crop data.
Figure 3 shows a representative photo of potato plants, cultivar Russet Burbank, at 0 N (control) and
180 kg N ha™! (treated) at 45 and 80 DAP to demonstrate crop response to N supply. N fertilizer is
typically applied at one time and rate at planting. Alternatively, split N-fertilization practices involve a
reduction in applied N at planting followed by a second application of N. Information on a crop’s N
status at the timing of the second application is needed to optimize the N rate. Hence, gene expression
analysis was done on plants between 42-50 DAP to coordinate with the timing of a second application
in split N fertilization. Figure 4 is a heat map of the average log.-transformed nCounter gene expression
for each of the plots from the seven field trials. The average yield, total N uptake, and specific gravity
for each plot in each of the field trials is shown on the right side of the heat map. Yield, specific gravity,
and total N uptake data are also presented as box plots in Supplementary Figures S1-53. The raw data
for yield, total N uptake and specific gravity is in Supplementary Table S1. The N rate was observed to
affect yield and total N uptake, but specific gravity had low levels of variation between applied N rates.

Russet Burbank 0 kgN/ha

Russet Burbank 180 kgN/ha

45 DAP

80 DAP

Figure 3. Effect of N supplementation on potato cultivar group Russet Burbank. Plants were harvested
at 45 and 80 DAP from plots with 0 and 180 kg N ha~! and photographed. The white vertical bar on
the right side is 30 cm.

The goal of the study was to associate foliar N-responsive gene expression with yield, total N
uptake, and specific gravity. LASSO regression analysis was used for this purpose. Regression models
were built to predict the response variables yield, specific gravity, and total N uptake using gene
expression, N rate, and the non-numerical categorical variables (factors). The factors in the analysis
were site and cultivar. The full LASSO model was built with factors, N rate, and gene expression for
all 63 genes. A model was also built using just factors and another with just the 63 genes (all genes).
Additionally, subsets of genes identified from the feature selection process as part of LASSO were used
to build reduced-gene models (Table 2 and Figure 4). The predicted yield, specific gravity, and total
N uptake from each of the LASSO models were fitted to the actual crop data and the adjusted R’
and MSE from the analysis are shown in Table 3. The factors-only model had the best fit of all the
models. These results demonstrate that variations due to site and cultivar have significant effects on
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the response variables and need to be considered in development of diagnostic tools for N status
monitoring. The all-genes and LASSO 10 reduced-gene models also predicted yield with reasonable
accuracies, with the LASSO10 reduced-gene models having better predictive accuracies than the
all-genes model, due to the reduced model variance. These results confirm that genes eliminated in the
selection process did not contribute greatly to the prediction of the response variables and that LASSO
selection identified key genes for predicting yield, specific gravity, and total N uptake. The adjusted
R? value for the LASSO10 reduced model for yield was 0.57, and total N uptake was 0.58 compared
to specific gravity, which had a lower value of 0.35 (Table 3). The genes selected in the LASSO10
reduced-genes models for predicting yield, total N uptake, and specific gravity are indicated in Table 2.

=
é‘m Log. nCounter gene expression
ol &
o
#F 3 0 5 10
& 8
% M rate
& trial name cutivar (kg N ha')
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33.8(254.2|1.091 |Carberry-on  [Russet Burbank 5]
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Figure 4. Heat map of nCounter gene expression. The loge gene expression quantified using nCounter

and averaged over the four replicates is represented by a blue-yellow gradient where yellow is the
highest expression and blue is the lowest. The nCounter gene ID for the 63 genes is indicated at the top
of the heat map. The colored bars over the nCounter gene IDs indicate which genes were included in the
LASSO10 reduced-gene model: red for yield, green for total N uptake, and light blue for specific gravity.
The genes without a colored bar over them were not included in any of the LASSO10 reduced-gene
models. The average yield, total N uptake, and specific gravity for each of the plots where the leaf
samples were taken is indicated in the table adjacent to the heat map. The trial name, cultivar, and N
rate treatment for each sample is also indicated in the table.
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Table 3. Summary statistics for least absolute shrinkage and selection operator (LASSO) analysis.
Adjusted R? and mean squared error (MSE) from fitting the linear regression model for each of the crop
parameters of yield, specific gravity, and total N uptake to the test data are presented. The factors were
site and cultivar. All genes were the entire set of 63 genes in the nCounter analysis. LASSO10 genes
were the genes selected from the 63 genes in the reduced regression models. The full model included
N rates, expression of all genes and factors for prediction of each of the crop parameters of yield,
specific gravity, and total N uptake. The factors model included just the factors, and the all-genes
model was just the 63 genes. The LASSO10 genes model included just the selected genes from Table 2
for predicting each of the crop parameters with a reduced set of genes.

Yield Specific Gravity Total N Uptake
LASSO Regression Model
Adjusted R MSE  Adjusted R? MSE Adjusted >  MSE
Full 0.30 65.24 -0.08 6.68 X 107> 0.52 2825.11
Factors 0.63 34.49 0.33 418 x 1075 0.71 1693.08
All genes 0.35 61.40 0.08 5.70 x 107> 0.35 3858.10
LASSO10 genes 0.57 40.58 0.35 4.06 x 1075 0.58 2489.55

3.3. Functional Analysis of Genes in the LASSO10 Reduced Models

Analysis of the functions for N-responsive genes in the LASSO10 reduced models predictive of
yield, total N uptake, and specific gravity were analyzed using SpudDB [42] and literature searching
(Supplementary File S1). This information was used to categorize the genes into functional groupings.
There were some functional groups that were found to be unique to each LASSO10 model and several
that were shared between models (Figures 4 and 5).

The most important crop parameter responding to N is yield. There were 22 genes in the
reduced LASSO10 model for yield. The model included 15 genes that were upregulated and seven
downregulated with N supplementation (Table 2, Figure 4, Supplementary File S1). The upregulated genes
functioned in senescence, protein degradation, amino acid biosynthesis and repair, nitrate assimilation,
intracellular signaling, sulfate transport and sensing, redox signaling, and detoxification (Figure 5).
The downregulated genes had functions in tuberization, senescence, sulfate transport, polyamine catabolism,
nitrate sensing, gene expression regulation, lipid biosynthesis, and amino acid biosynthesis (Figure 5).
The genes in the LASSO10 yield model are associated with source-sink partitioning and their expression
has potential application as indicators of crop N status.

N uptake from the soil is important to plant growth and development. Foliar processes
responsive to N supplementation associated with total plant N uptake were examined. The LASSO10
reduced model for total N uptake had 19 genes of which 15 were upregulated and four were
downregulated with N supplementation (Table 2, Figure 4, Supplementary File S1). The upregulated
genes had functions in nitrate sensing, transport and assimilation, amino acid biosynthesis and repair,
senescence, protein degradation, redox regulation, light signaling, glycolysis, redox regulation and lipid
metabolism (Figure 5). The downregulated genes had functions in senescence, chlorophyll degradation,
amino transport, sulfate transport and polyamine catabolism (Figure 5).

Examination of genes in the LASSO10 model for yield that overlap with the reduced-gene model
for total N uptake provided insight into biological processes connecting total N uptake and yield.
There were eight genes present in both of the LASSO10 models (Table 2, Figure 4, Supplementary File S1).
These genes were also in the LASS010 model for specific gravity. The N supplementation upregulated
genes functioned in nitrate assimilation, senescence and protein degradation, amino acid biosynthesis
and repair, intracellular signaling and lipid metabolism (Figure 5). The downregulated genes functioned
in sulfate transport and polyamine catabolism (Figure 5). The gene showing the greatest differential
expression with N supplementation was Sotub10g018540 aminotransferase like protein, which functions
in nitrate assimilation in photorespiration (Table 2, Figure 4 and Supplementary File S1), was present
in all three LASSO10 models.
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a) Functions of genes up-regulated with N supplementation

nitrate sensing redox signaling

protease
senescence
redox regulation

Total N uptake Specific gravity

sulfate assimilation

glycolysis

amino acid biosynthesis

light signaling

nitrate transport peptide transport

protease
senescence

redox regulation sucrose transport

amino acid biosynthesis

starch breakdown
nitrate assimilation

intracellular signalling

lipid metabolism

. . . redox signalin
amino acid repair g g

detoxification

amino acid biosynthesis

senescence

intracellular signalling

sulfate transport

sulfate sensing
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b) Functions of genes down-regulated with N supplementation

Total N uptake Specific gravity

Senescence

chlorophyll degradation

amino acid transport

sulfate transport

polyamine catabolism

nitrate sensing
gene expression
lipid biosynthesis

amino acid biosynthesis

tuberization

senescence

Yield

Figure 5. Venn diagrams of N-responsive gene functions in the three LASSO10 models. Gene functions
were searched from the published literature and listed in Supplementary File S1. The red circle encloses
genes found in the LASSO10 model for yield, green is total N uptake, and blue is specific gravity.
(a) Functions for genes found upregulated and (b) functions for genes found downregulated with
N supplementation.

N-responsive biological processes associated with source—sink partitioning but not N uptake
were also of interest. Differences in the LASSO10 reduced-gene model for yield and the total N
uptake model provided a way to examine these processes. Genes in the yield model but not total N
uptake included N-responsive upregulated genes with functions in senescence, intracellular signaling,
sulfate sensing and transport, redox signaling, detoxification, and amino acid biosynthesis (Figure 5).
The downregulated genes had functions in tuberization, senescence, nitrate sensing, regulation of gene
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expression, lipid biosynthesis, and amino acid biosynthesis (Figure 5). A key gene in the yield model
but not in the other models was Sotub05g028860 flowering locus T protein, which functions in signaling
for tuberization and senescence in potato (Supplementary File S1).

Additionally, genes in the LASSO10 total N uptake model but not the yield model were also
examined. The N supplementation upregulated genes had functions in glycolysis and nitrate sensing,
transport and regulation, senescence, protein degradation, redox regulation, and light signaling
(Figure 5). The downregulated genes functioned in senescence, chlorophyll degradation, and amino
acid transport (Figure 5).

N rate was not found to have a significant effect on specific gravity, a proxy for dry matter, in the current
study (Supplementary Figure S3). The variation in specific gravity in the field trials was mostly due to site
and cultivar variation. A LASSO10 reduced model for specific gravity was built and it had 25 genes of which
19 were upregulated and six were downregulated with N. The upregulated genes had functions in sucrose
transport, peptide transport, starch breakdown, amino acid biosynthesis and repair, redox signaling and
regulation, nitrate and sulfate assimilation, detoxification, light signaling, intracellular signaling, and lipid
metabolism (Figure 5). The downregulated genes had functions in sulfate transport, polyamine catabolism,
nitrate sensing, gene expression, lipid biosynthesis, and amino acid biosynthesis (Figure 5). The results
suggest that biological processes responding to N in foliage were associated with dry matter accumulation
in tubers, however, site and cultivar variation confounded the effect of the N rate. Genes unique to the
specific gravity model were of interest as these genes provided insight into foliar functions associated with
production of dry matter that were not associated with yield and total N uptake. Genes unique to the
specific gravity model had functions in sucrose transport, starch breakdown, peptide transport, amino acid
biosynthesis, sulfate assimilation, and redox signaling (Figure 5).

4. Discussion

Nitrogen in soils is an environmental cue initiated in roots that triggers molecular responses in
plants to enable them to capitalize on nutrient abundance or adjust to nutrient depletion. The current
study examines N supplementation, which is a condition of nutrient abundance that many crops are
under in agricultural production systems. In potato, N taken up through roots induces responses
in leaves (source) that impact development of tuber sink tissues. N is a key nutrient for potato to
reach optimal yield and quality; however, over-application results in nitrate leaching to groundwater
and greenhouse gas emissions [5]. A goal of the study was to integrate N responses in source
tissues (leaves) with sink partitioning to foster a better understanding of N use efficiency in potato.
N-responsive gene expression in source tissues also has potential application to in-season monitoring of
N status [17-22], which is key to optimizing N fertilization to achieve maximal yields and quality [44].
N-responsive genes associated with source-sink partitioning that have a functional connection to N
status and are of particular interest as diagnostic indicators.

A major sink tissue for potato is the tuber, which was quantified as yield (mass/area) in field
plots. Specific gravity, a proxy for tuber dry matter, is an indicator for tuber quality that was also
quantified. Total plant N included both source and sink tissues and was a measure of the capacity of
the crop to respond to N supply. The strategy was to first identify genes with expression in leaves
responding to N supply, then find which of these genes are associated with tuber yield using multiple
field trials and data mining with LASSO. The functions of these genes were then examined to find
N-responsive molecular processes associated with source-sink partitioning. LASSO regression models
for total plant N uptake and tuber-specific gravity were also built and compared to the yield model.
The study demonstrated the effectiveness of LASSO for selecting genes and fitting regressions involving
their expression.

Tuber yields increase with N supply to a plateau where additional N does not stimulate further
increases in yield [45,46], as was observed in the current study. N is both a plant nutrient and signaling
molecule for growth and developmental phase changes [47,48], and in potato increased N supply delays
tuberization [49-51]. Studies also reported that increased N supply increases leaf size and duration
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rather than photosynthetic efficiency in potato [10-13]. The signal for tuberization and vine senescence
involves inducing expression of the potato homolog of Flowering locus T, StSP6A, which is transcribed
and translated in leaves and transported via phloem to stolons as a peptide [52]. In Arabidopsis thaliana
Flowering locus T interacts with a b-ZIP transcription factor FD and functions in the regulation of
gene expression [53]. In potato stolons, StSP6A was also found to bind and block sucrose transporter
SWEET11 to reduce leakage of sucrose to the apoplastic phloem in coordination with increased
symplastic loading during tuberization [54,55]. These findings demonstrate that StSP6A functions as a
tuberigen and inducer of senescence in leaves, and a regulator of source-sink partitioning in stolons.
The decreased expression of StSP6A in leaves observed with N supplementation in the current study
concurred with other studies [17,20], and is thought to underlie the delay in tuberization and vine
senescence under high N rates. The gene expression profile showed that several genes associated
with senescence were decreased in expression under N supplementation in coordination with StSP6A.
Increased leaf area and duration under increased N supply means greater production of photosynthates
and increased resources for N remobilization to sink tissues during subsequent senescence [56,57].
Hence, delaying tuberization and vine senescence under abundant N supply in potato allows the plant
to maximize resources for partitioning to tuber production later in the growing season.

Infection by the fungal pathogen Verticillium dahliae induced early senescence and lowered
tuber yields [58], which has parallels with low N rates. A quantitative trait loci (QTL) for V. dahliae
disease resistance was mapped to the St.CDF1 locus [59]. The 5t.CDF1 gene encodes a transcriptional
regulator that functions in the pathway controlling expression of StSP6A [52,60]. These results support
a role for St.CDF1-5tSP6A regulatory pathway for tuberization in source-sink partitioning and in
V. dahliae resistance in potato. Heat stress also induces a delay in tuberization [61]. Repression of
StSP6A gene expression was also found with heat stress and involved post-transcriptional regulation
mediated by miRNA [62]. In contrast to N supplementation and resistance to V. dahliae, the delay in
tuberization with heat stress reduced partitioning from source to sink in potato [63-65]. Where N supply
increased leaf area, heat stress was demonstrated to decrease leaf size [66] and reduce photosynthetic
efficiency [67,68]. These studies suggest that increasing the amount of source tissue in coordination
with delaying tuberization, was important in increasing sink potential.

Increasing leaf life span and area increases photosynthesis and other foliar metabolic processes
including photorespiratory N assimilation [69]. Photorespiration requires Rubisco binding to O,
as opposed to CO, in the light-independent reactions of photosynthesis. The photorespiratory
pathway coordinates enzymatic steps in the mitochondria, cytosol, peroxisome, and chloroplast in
leaves and results in the uptake of N in the form of nitrate and the biosynthesis of amino acids [9].
The results showed that a gene encoding a peroxisomal enzyme, alanine-glyoxylate aminotransferase,
which functions in the photorespiratory pathway, increased in expression with N supplementation and
was included in LASSO10 reduced models for yield, total N uptake, and specific gravity. This enzyme
catalyzes the conversion of alanine and glyoxylate to glycine and pyruvate [70]. Other genes involved
in amino acid biosynthesis were also included in the gene models. These results provide evidence
that photorespiratory N assimilation and amino acid biosynthesis are associated with N-responsive
source—sink partitioning. The results concur with other studies showing that N supplementation
increased foliar amino acids in potato [71].

The analysis of the effects of N supplementation on foliar gene expression associated with yield
was of greatest relevance to understanding source-sink partitioning. Total N uptake and specific
gravity were also analyzed in comparison provided insight on biological processes that contribute to
N assimilation and sink partitioning. Of interest were differences between the genes in the total N
uptake and yield models. The total N uptake model included genes involved in amino acid and nitrate
transport that were not present in the yield model. These results suggest that these transport activities
were associated with N uptake—more so than sink partitioning. The yield model included genes
involved in sulfur sensing and transport. These results suggest integration of N and S metabolism is
associated with N-responsive source-sink partitioning. Other studies also reported findings that sulfur
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assimilation was responsive to N nutrition in plants [72]. Increases in amino acid biosynthesis under N
supplementation require S as well as N since all proteins contain sulfur amino acids. Integration of S
transport and assimilation with N supplementation was observed in the current study. These results
also demonstrated the importance of maintaining S sufficiency under N supplementation for optimizing
tuber yield in potato.

Specific gravity is a proxy for tuber dry matter [29], which is an important fry-processing quality
trait for potato. Nitrogen was reported to have varying effects on specific gravity at lower N rates [73].
However, decreases in specific gravity occur when N is applied in excess [3,46,73]. In the current
study, increasing N rates did not have a significant effect on specific gravity. The variation in specific
gravity in the study was relatively limited in magnitude, and was due to other factors, including site
and cultivar. The specific gravity model was found to have an adjusted R? of 0.35 which was the
lowest of the three models. These results indicate that the N-responsive genes were not as strongly
associated with specific gravity as yield and total N uptake. Among the genes included in the specific
gravity model but not the others were a gene encoding a sucrose transporter and another encoding
alpha-glucosidase, a gene involved in starch breakdown. These results demonstrate association of
foliar molecular processes controlling carbohydrate metabolism and sucrose transport with dry matter
accumulation in tubers.

The connection between N supplementation response and biological functions in source—sink
partitioning makes genes in the LASSO10 reduced model for yield are good candidate indicators
for in-season crop N status monitoring. Monitoring crop N status is important for split N fertilizer
application, which enables optimization of N to plant demand [44]. For these reasons, our study
targeted the timing of the second application of N for gene expression analysis to enable development
of a N status indicator compatible with split fertilizer application. The findings of the study also
indicate that site and cultivar variation affect yield and the other crop parameters. This means that
LASSO gene expression prediction models for yield can vary with site and cultivar. In this case,
gene expression indicators for monitoring crop N status may need to be calibrated specifically for each
cultivar and site.

5. Conclusions

The LASSO10 gene expression analysis was effective in making novel association of biological processes
in foliar source tissues with N-responsive sink development. The findings provided a connection between
foliar gene expression and N-responsive source-sink partitioning, including roles for foliar signaling of
tuberization, senescence, photorespiratory N assimilation, amino acid biosynthesis, and integration of
S metabolism with N supply. The functional connection of the expression of a gene with source-sink
partitioning supports selection of the gene as a candidate indicator of crop N status for potato.
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