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Abstract Cultivation of spinach requires high

amounts of nitrogen (N), which puts a strain on the

environment. A sustainable solution to this problem is

to breed for crops with higher N use efficiency (NUE).

The aim of this study was to provide tools for

molecular breeding and to elucidate the genetic

variation of factors contributing to NUE in spinach.

A cross was made between two F1 hybrid cultivars

contrasting in NUE. Several F1 progeny were self-

pollinated and based on evaluation of the F2 gener-

ation, a mapping F2 population (335 individuals) of a

single F1 was selected. SNP markers for the genetic

map were discovered by RNA sequencing of the two

parent cultivars, and 283 SNP markers were used to

produce a genetic map comprising of six linkage

groups (P01–P06), ranging in size from 46 to 116 cM.

NUE related traits were determined for a set of F2:3
families grown under low and high N conditions in a

hydroponics system under an Ingestad N-addition

model. Interval mapping analysis detected 39 trait-

specific QTLs, with several QTLs accumulating on

P01 and P02 of the linkage map. The QTLs and in

particular the P01 and P02 regions provide potential

targets for the improvement of NUE in spinach.

Keywords Spinacia oleracea � Nitrogen use

efficiency (NUE) � Quantitative trait locus (QTL) �
Genetic map

Introduction

Nitrogen is the nutrient that most frequently limits

plant growth (Fageria and Baligar 2005). In most

current crop production systems plants rely on mineral

fertilizers to meet their N demand. The high levels of

N fertilization are often associated with environmental

problems such as eutrophication of soil and surface

water and emission of greenhouse gases (Lawlor et al.

2001). The environmental pollution together with

human health issues has resulted in strict regulation of

nitrogen fertilization in Europe (European Commis-

sion 2010). This legislation has a large impact on the

cultivation of vegetable crops, in particular of spinach.

Mitigation of the negative effects of lowering N input

on productivity of spinach therefore is a major

challenge. This holds true in particular for production

systems that require low external input, such as

organic agriculture, in which N inputs would
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preferably be reduced from 150 kg/ha to approx.

100 kg N/ha or less (Fageria and Baligar 2005). A

long term sustainable strategy contributing to culti-

vating spinach with less nitrogen is the genetic

improvement of its nitrogen use efficiency (NUE),

resulting in cultivars that can realize an economically

acceptable yield even under low input conditions.

Nitrogen efficiency is a complex trait that is the

resultant of two component traits: nitrogen uptake

efficiency and nitrogen utilisation efficiency (Hirel et al.

2007). Insight in the physiological processes governing

NUE under low N conditions and the genetic basis for

NUE is essential for efficient breeding for this complex

trait. A number of studies were conducted on N use of

spinach, but these were mainly focused on maximizing

spinach yield to get close to the yield potential of the

cultivars under study (e.g. Smolders and Merckx 1992;

Biemond 1995; Biemond et al. 1996), and on NO3
-

accumulation in relation to consumption quality

(Breimer 1982; Steingröver 1986). These studies

revealed that sufficient N must be available at the start

of growth to realize optimal growth in spinach

(Biemond 1995) and that spinach can acquire nutrients

better with improved root systems (Smolders and

Merckx 1992, Hirel et al. 2007). Biemond et al. (1996)

found that with increased N availability the total green

leaf area increased through a higher leaf expansion rate,

emphasizing the strong dependence of spinach growth

and yield on N availability.

To assess the potential of breeding cultivars with

improved NUE it is necessary to (i) determine the

genetic variation present in spinach germplasm for

traits that govern NUE and (ii) develop a method-

ological setup that enables accurate quantification of

and selection for the physiological and growth

parameters that contribute to improved NUE (Baligar

et al. 2001). Chan-Navarrete et al. (2014) evaluated

traits related to growth and photosynthesis and their

correlation with NUE in a hydroponics system. They

reported that leaf area as well as specific leaf area

(SLA) were strong determinants of variation for NUE

in spinach.

Insight in the genetics of a complex trait such as

NUE can be gained by Quantitative Trait Locus (QTL)

analysis of a dedicated segregating population.

Spinach is a dioecious species with separate male

and female plants and occasional monoecious plants

(Correll et al. 2011). Spinach is diploid with 2n = 12

chromosomes and has a genome size of 989 Mb

(Arumuganathan and Earle 1991). The genome

sequence is not available yet, but the spinach mito-

chondrial and chloroplast genomes were sequenced

(327 and 150 kb, respectively) (Stern and Palmer

1986; Schmitz-Linneweber et al. 2001). QTL analysis

of a segregating population requires a genetic linkage

map with sufficient molecular markers distributed

over the genome. For spinach only one genetic linkage

map with a limited number of simple sequence repeat

(SSR) and amplified fragment length polymorphism

(AFLPs) markers was published until now (Khattak

et al. 2006). It was used to analyse genetic variation

related to sex expression. Onodera et al. (2011) used

the same molecular marker data to map genes for

dioecism and monoecism in spinach.

The aim of the current study is to provide tools for

molecular breeding for NUE in spinach, and elucidate

the genetic factors determining the variation in NUE

and traits contributing to NUE. NUE is a quantitative

plant trait with a polygenic inheritance, which is

influenced by N availability (Hirel et al. 2001). The

latter is difficult to control under field conditions

(Fageria and Baligar 2005) and this will complicate

genetic analysis of NUE variation. Hence, a hydro-

ponics system providing controlled evaluation condi-

tions thus reducing the environmental effects as

described by Chan-Navarrete et al. (2014) was used

in this study.

A dedicated F2:3 mapping population derived from

a cross between heterozygous parents was evaluated

on a hydroponics system. The parents were shown to

differ highly for NUE under low N conditions (Chan-

Navarrete et al. 2014). A genetic linkage map was

constructed using a selected set of gene-based Single

Nucleotide Polymorphisms (SNP) markers to enable a

QTL analysis of the NUE evaluation data of the F2:3
lines. The analysis revealed several regions in the

spinach genome with clustered QTLs that contribute

to improve NUE, providing potential targets for

molecular breeding for NUE in spinach.

Materials and methods

Plant material and mapping population

The mapping population consisted of a random set of

F2:3 lines derived from a single monoecious F1-plant

that resulted from a cross between the hybrid spinach
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cultivars Ranchero (Enza Zaden) and Marabu (Rijk

Zwaan). The parents were selected because they

differed strongly in NUE (Chan-Navarrete et al.

2014). Ranchero is a cultivar with an upright growth

habit and many dark oval-shaped leaves, suitable for

spring, autumn and winter cultivation. Marabu is a

cultivar with thick, dark green leaves suitable for

cultivation in spring and early autumn. Ranchero had

high NUE while NUE of Marabu was relatively low

under low N conditions (Chan-Navarrete et al. 2014).

With a few exceptions that were strictly male the F2

plants were monoecious, and 320 of these F2 plants

were grown and self-pollinated to generate F2:3 lines.

In parallel leaf material of each plant was sampled for

DNA analysis and molecular genotyping with Single

Nucleotide Polymorphisms (SNPs). The F2:3 lines

were grown on hydroponics for phenotypic evaluation

of NUE.

Discovery of gene-based markers

Leaf material of 10 young plants of Ranchero and

Marabu, grown under optimal N conditions, was

bulked. From both bulks, total RNA was extracted

using the RNeasy Plant Mini Kit (QIAGEN). The

RNA was quantified using Qubit (Invitrogen) and

checked on a 1 % agarose gel. After library prepara-

tion, the samples were sequenced on a HiSeq 2000

sequencer (Illumina, Varshney et al. 2009), obtaining

2 9 100 bp paired-end reads. For Marabu, the over-

lapping ends of the paired-end reads were first merged

with FLASH (http://ccb.jhu.edu/software/FLASH/,

Magoč and Salzberg 2011), resulting in 72 % merged

read-pairs, with an average merged length of 140

bases. After merging, the merged and non-merged

paired-end reads were quality-trimmed using PRIN-

SEQ (http://prinseq.sourceforge.net/index.html, Sch-

mieder and Edwards 2011). Bases with a PHRED

Q-value lower than Q20 were trimmed, poly-A trailing

bases longer than 20 bp were removed, and remaining

sequences shorter than 50 bp were discarded. Low

complexity regions were filtered with the ‘dust’

option, and duplicate reads were removed. To remove

chloroplast reads, the sequences were mapped against

the chloroplast genome of spinach (AJ400848) using

Bowtie2 (http://bowtie-bio.sourceforge.net/bowtie2/

index.shtml, (Langmead and Salzberg 2012), and

mapped reads were excluded from further analysis.

The remaining reads were extracted using SAMtools

(http://samtools.sourceforge.net/, Li et al. 2009) and

used for a de novo transcriptome assembly using

Trinity (http://trinityrnaseq.sourceforge.net/, Grabherr

et al. 2011). The Trinity assembly was performed with

minimal k-mer coverage of 2, generating 80,483

transcripts from 45,900 components, with an N50 of

2004 bp. A component could be related to a ‘unigene’

and a component can have multiple transcript types

(isoforms). To avoid redundancy, only one transcript

of each component was used for marker development.

The abundance of each isoform was determined with

RSEM (RNA-Seq by Expectation–Maximization,

included in the trinity distribution), and for each

component, the most abundant transcript was kept in

the final transcript fasta sequence file. Finally, a set of

45,900 transcripts with an N50 of 1491 was used as

transcriptome reference sequence. The RNAseq reads

from both genotypes were mapped to the reference

transcriptome sequence using Bowtie2. On the result-

ing SAM file, SNPs were called using QualitySNPng

(http://www.bioinformatics.nl/QualitySNPng/, Nijveen

et al. 2013).

The screening resulted in discovery of 12,477

candidate SNPs with a non-polymorphic flanking

region of 50 bp on both sides of the SNP. SNPs

polymorphic between the parents, but homozygous in

Marabu or Ranchero were selected. This reduced the

number of SNPs to 704, present in 506 unique

transcripts. Of these SNPs, 419 were used to genotype

the F2 plants.

Genotyping

The sequence information of 419 SNPs was used to

develop KASPar assays for genotyping 335 F2 plants

of the mapping population. The Competitive Allele

Specific PCR (KASPar) platform (http://www.

kbioscience.co.uk) is a PCR-based novel homoge-

neous fluorescent SNP genotyping system. The array

included seven technical DNA replicates of each of the

parents. The DNA was extracted with a modified

C-TAB (Steward and Via 1993).

Construction of linkage map

High quality and informative molecular markers (no

segregation distortion and less than 15 % missing

values) were used to generate a linkage map using

software package JoinMap 4.1 (van Ooijen 2006) with
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the maximum-likelihood option for ordering markers

within linkage groups. The Haldane mapping function

was used to calculate the final maps (Haldane and

Waddington 1931). Possible segregation distortion

was determined by testing the actual against the

expected segregation ratio of 1:2:1, using the v2 test of
goodness of fit with two degrees of freedom.

Experimental setup

A randomly selected set of 94 F2:3 lines was evaluated

for NUE using a hydroponics system in a temperature-

controlled sunlit greenhouse compartment at UNI-

FARM (Wageningen, The Netherlands) as described

in detail by Chan-Navarrete et al. (2014). The system

consisted of six units, each having 16 containers with

24 plant positions. N application could be separately

controlled for each of the six units. The daily

application of N aimed at a stable relative plant

growth rate (RGR) of either 0.10 or 0.18 g�g-1�day-1

based on the Ingestad (1982) model to acquire a

steady-state N-nutrition level. We further refer to the

0.10 and 0.18 g�g-1�day-1 N-rate as low N and high

N, respectively.

Evaluation of F2:3 lines

The hydroponics experiment to evaluate the F2:3
mapping population for NUE and related traits was

executed over a period of 35 days. The measurements

were done at the end of the trial, except for non-

destructive chlorophyll content measurements. Every

measurement was done on individual plants except for

NUE measurements, which were based on bulked

samples of 4 plants (in total 3 samples per line for both

N treatments).

The plants were patted dry at harvest with industrial

paper tissue and divided in a root and shoot fraction.

The shoot fraction was weighed immediately to

determine shoot fresh weight (SFW). The shoot and

root fraction of each plant were dried for two days at

70 �C to get measures for plant shoot dry weight

(SDW) and root dry weight (RDW). The plant root-to-

shoot ratio (R:S) was determined as R:S = RDW�
SDW-1. Other traits evaluated at harvest time were

dry matter percentage (DM %) (g�g-1�100), which is

the percentage of the dry mass from the fresh weight of

the shoot; leaf area (LA) (cm2) determined with a

Licor Leaf Area Scanner (LI-3100C) directly after

harvest; specific leaf area (SLA) (cm2�g-1) calculated

as SLA = LA/SDW; Leaf number (LN) scored the

day before harvest time; Stem length (SL) (cm)

measured with a metric ruler; Flowering (Fl), scored

as presence (1) or absence (0) of flower structures at

harvest time. Chlorophyll content (CC) (SPAD units)

was measured with a SPAD 502 meter (Konica

Minolta, Osaka, Japan) 21 (CCi) and 28 (CCh) days

after transplanting of seedlings on hydroponics. SPAD

values were collected on the first appearing pair of

leaves of each plant, one measurement per plant.

Nitrogen Use Efficiency (NUE) (g SDW g-1 N) was

calculated as the SDW divided by the N content in

SDW (determined with a Kjeldahl analysis). The latter

measurements were performed pooled samples of 4

plants per line-treatment combination, resulting in 3

pooled samples per combination.

Statistical analysis

Descriptive statistics were applied to estimate the

overall effects of the two N treatments and to quantify

the variation present in the mapping population. The

relationship between traits was studied with a corre-

lation analysis. Analyses of variance (ANOVAs) were

carried out for each N treatment separately using

GenStat 16th; each having a randomized block design.

Each block consisted of four adjacent containers

within one of the units of the hydroponics system. In

all, the experiment contained 24 blocks, i.e. 6 (units)9

4 (blocks/unit). To each of the 96 plant positions

available within a block a single plant was randomly

assigned from each of the 94 F2:3 lines to be evaluated,

and the 2 parental hybrids. Broad sense heritabilities

(hm
2 ) were calculated for means over replicates of F2:3

lines (n = 12), the genotypic variance (rg
2) and the

experimental variance (re
2) with the following

formula:

h2m ¼ r2g= r2g þ r2e=n
� �

For the analysis between N treatments the exper-

imental design was evaluated as a split-plot design.

The six hydroponics units were grouped in three

subsets of two adjacent units. The two N-treatment

levels were than assigned to one of the two units within

a subset.
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QTL analysis

QTL analysis of the phenotypic data was performed

with the mapping software available in GenStat 16th

Edition (VSN International 2013). Separate single trait

association analyses (also known as linkage disequi-

librium mapping) were performed separately for low

and high N using the F2:3 line means for each

phenotypic trait, the F2 linkage map and the marker

data of the F2 progenitors of the F2:3 lines. A genome-

wide permutation test according to Li and Ji (2005)

was performed to calculate the threshold for QTLs.

Only QTLs with significance level[95 % were taken

into consideration. The linkage maps with QTLs were

displayed with MapChart (Voorrips 2002).

Results

Molecular marker discovery

SNP discovery was done by RNA sequencing of

spinach cultivars Marabu and Ranchero. The Marabu

sequence was used as a reference to detect SNPs. The

total number of Marabu reads was 23,755,238, which

after processing (see Materials and methods) resulted

in 45,872 unique transcripts. The Ranchero sequence

reads were mapped against this final transcript set and

with the use of QualitySNPng (Nijveen et al. 2013)

27,499 SNPs were identified. Of these, only 1351

SNPs were polymorphic between but homozygous

within Ranchero and Marabu, while 11,781 SNPs

were heterozygous in one parent only and 14,317

SNPs were heterozygous in both parents.

The SNPs that were homozygous in both parents

but polymorphic between parents were preferred for

genetic map construction, as these were all expected to

segregate in the F2 population. After filtering for

insufficient flanking sequence information for assay

development, a set of 704 SNPs in 506 unique

transcripts was available for genotyping.

Genotyping

Genotyping of the mapping population was performed

with KASPar assays using a selection of 419 SNPs

from the set of 506 candidate SNP markers. Of these,

136 markers were not informative because of a lack of

signal (59), a high percentage of missing values (19),

distorted segregation (17) or simply lack of segrega-

tion (41). The 283 informative markers showed a 1:2:1

segregation ratio and were used to generate a genetic

linkage map. To this end the marker data of 320 out of

335 genotyped F2 plants were used; data of 15

genotypes were omitted because they had a high

number of markers with missing values.

Linkage map

The genetic linkage map was constructed using

JoinMap 4.1 (van Ooijen 2006) with 283 informative

markers and 320 genotypes. All the markers were

incorporated in a map with a total size of 433.6 cM,

divided over six linkage groups (Fig. 1). This is in

accordance with the basic number of spinach chro-

mosomes. The linkage groups were coded P01–P06 (P

for putative) as no chromosomal anchors were avail-

able to link the linkage groups to chromosomes. The

linkage groups varied in size from 46.7 to 116.2 cM.

Some linkage groups contained relatively large gaps

(20 cM (46.51–66.08 cM) in P02 and 35 cM

(24.17–59.19 cM) in P05). Substantial clustering of

markers was observed as well.

Phenotypic evaluation of the mapping population

A random set of 94 F2:3 lines from the mapping

population was evaluated for NUE-related traits on

hydroponics at low N and high N. The results are

summarized in Table 1 and visualized for selected

traits in Fig. 2. The N treatment affected plant growth

considerably. In general, shoot fresh weight (SFW),

shoot dry weight (SDW), Leaf Area (LA) and NUE

were reduced at low N compared to high N conditions

(Table 1), and dry matter percentage (DM %) and root

to shoot ratio (R:S) were increased. N levels had no

effect on root dry weight (RDW), and Flowering (Fl)

was increased at low N conditions. Chlorophyll

Content (CC) was slightly but significantly negatively

affected. Plants grown at high N conditions were

bigger than plants grown at low N and had larger

leaves with a relatively dark green colour.

The F2:3 line means for all traits determined at low

and high N showed a continuous and in most cases

normal distribution, as exemplified in Fig. 2. Analyses

of variance of the traits at low as well as at high N

demonstrated highly significant F2:3 line-to-line vari-

ation (p\ 0.001). There were large differences
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between the most extreme lines for all traits (Table 1).

The heritability estimates (hm
2 ) for all traits were

intermediate to high, but varied considerably from

trait to trait (Table 1). The heritability estimates of

each trait at low and high N were mostly similar. The

heritability estimates for R:S, SLA and DM % were

relatively low as these traits represent ratios of

measured traits.

Relationship between NUE-related traits

To get insight in the relationships between NUE and

NUE-related traits two separate correlation analyses

were carried out: one with line means from low N and

one with line means from high N. The results are

summarized in Fig. 3. The values on the diagonal

represent the trait-specific coefficients of correlation

between trait values of plants grown at low and high N.

The correlation between N treatments for NUE

(r = 0.42) was moderate, reflecting the significant

line 9 N interaction for this trait (Table 1). At both N

treatments NUE was highly correlated with SDW and

not surprisingly also with SFW, LA and RDW

(0.65–0.74 for low N and 0.78–0.89 for high N). The

most interesting traits with a moderate negative

correlation with NUE were the physiological traits

SLA and R:S. Fl and SL are highly correlated but no

obvious relation with any of the other traits including

NUE was found. Remarkably, chlorophyll content at

28 days (CCh) showed no significant correlation to

NUE at low N while at high N it was significantly

correlated with NUE as well as with SFW, SDW,

RDW and LA.

QTL mapping for NUE-related traits

QTL analysis was performed to discover chromoso-

mal regions that contribute to the variation observed

within the mapping population grown under high N

and low N conditions. Separate QTL analyses were

performed with GenStat 16th (VSN International

2013) using the F2:3 line mean values from the
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phenotypic evaluation at low and high N. The

genome-wide LOD score threshold was calculated to

be 2.97. The QTLs for the NUE-related traits are

summarized in Table 2 and are graphically repre-

sented in Fig. 4. Nineteen and 20 QTLs for high and

low N, respectively, were detected. The alleles from

the male parent Marabu had a favourable effect for a

relatively large number of QTLs. The QTLs for which

Ranchero contributed the favourable allele were

HN_R:S_2, HN_SLA_1, LN_NUE_1, LN_R:S_1,

LN_SFW_2 and all the QTLs related to CC (Table 2).

The Marubu allele of the QTL for LA at P01 (3.8 cM)

showed a differential response to N level with a

relatively strong favourable effect at high N (9.11) and

unfavourable effect at low N (3.79).

A number of QTLs co-localized at the top of P01

and at the bottom of P02. The QTLs related to Fl co-

localized with multiple other QTLs at P01 and P02.

Flowering is a developmental process that impacts N

metabolism and therefore may be affecting several

other traits. To investigate to what extent the QTLs

were independent of flowering, Fl was used as a

covariate in QTL mapping using the software

MapQTL 6.0 (van Ooijen and Kyazma 2009). The

QTLs were confirmed, indicating that these QTLs are

not only dependent of Fl.

Biomass QTLs

Two QTLs were determined for SDW, one at low N

and one at high N. Both of them were detected in the

multiple-QTL region on P01, with a peak at 3.8 cM

and 15.1 % explained variation for low N and 13.9 %

for high N. Under N limiting conditions, two QTLs

were found, at P01 and P05 that explained 29.8 % of

the variation. For LN_SFW_1 the favourable allele is

donated by Marabu, but for LN_SFW_2 by Ranchero.

At high N, a single QTL was identified for this trait,

explaining 18.7 % of the variation. For high N

conditions no QTL was found for DM %, but for

low N conditions a QTL was found on P05 that

explained 14.3 % of the phenotypic variation. Two

QTLs were detected for R:S for high N and one QTL

for low N with an explained variation of 33.0 and

14.0 %, respectively. Three QTLs were determined

for LN at both low N and high N. At high N all three

QTLs were found in P01, but at low N there were two

QTLs at P01 and one at P02.

Table 1 Variation statistics for 13 NUE-related traits of F2:3 lines at Low N and High N

Trait Population mean Range SEM hm
2

Low N High N Low N High N Low N High N Low N High N

SFW (g) 5.05 9.00 2.39–7.86 4.94–13.56 0.06 0.14 0.72 0.72

DM % (g�g-1 %) 7.44 6.03 5.79–10.34 4.68–7.61 0.07 0.05 0.54 0.54

LA (cm2) 82.63 123.50 44.41–132.05 64.44–177.94 1.01 1.90 0.73 0.70

LNh 8.35 8.49 6.03–11.83 6.33–11.83 0.06 0.05 0.90 0.87

CCi (SPAD) 41.50 41.85 36.47–47.27 37.43–47.13 0.14 0.15 0.73 0.71

CCh (SPAD)** 35.28 35.36 29.42–42.05 29.83–43.13 0.15 0.18 0.73 0.80

Fl** 0.55 0.48 0.00–1.00 0.00–1.00 0.01 0.01 0.87 0.84

SDW (g) 0.35 0.52 0.17–0.50 0.33–0.72 0.00 0.01 0.57 0.62

R:S (g�g-1) 0.37 0.25 0.17–0.50 0.33–0.72 0.00 0.00 0.35 0.21

SLA (cm2�g-1) 271.00 273.60 203.7–331.5 215.30–342.60 2.68 2.35 0.40 0.40

SL (cm) 7.92 8.60 2.46–16.48 2.58–15.63 0.15 0.14 0.84 0.89

RDW (g) 0.12 0.12 0.06–0.17 0.07–0.18 0.00 0.00 0.61 0.69

NUE (g�g)-1* 7.09 9.88 3.56–10.06 6.03–14.93 0.09 0.15 0.58 0.64

The statistics comprise population means, standard errors for line means (SEM), ranges between the most extreme line means and

heritability estimates for line means (hm
2 )

Population means depicted in bold differed significantly (p\ 0.05)

** Trait showing significant Line 9 N interaction (p\ 0.05)
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Leaf QTLs

For LA at high N conditions, the two QTLs explained

16.7 and 17.2 % of the phenotypic variation and in low

N conditions a single QTL that explained 14.3 % of

the variation was detected. A QTL for SLA was found

only at high N conditions with a LOD-value of 5.56.

The explained variation is 22.9 % and high values

were driven by the Ranchero allele. The chlorophyll

content measurements were performed at an interme-

diate time point (CCi) and at harvest (CCh). Multiple

QTLs were observed for CCi that explained most of

the phenotypic variation. For CCh, two QTLs were

identified with in total 59.8 % phenotypic variation for

high N explained, and a unique QTL for low N was

found that explained 31.2 % of the variation. For all

the QTLs found for CC, the dominant alleles were

coming from Ranchero. Three QTLs were detected for

LN at high N of which HN_LN_3 (in P02) explained

24.6 % of the phenotypic variation. The QTLs found

at low N co-localized with the ones detected at high N.

LN_LN_1 on P01 explained under this condition most

of the phenotypic variation (30.2 %).

Flowering

Three QTLs were found at low N (two at P01 and one

at P02) for Fl and also at high N, and these together

Fig. 2 Distribution of trait means of F2:3 lines from the Ranchero 9 Marabu population for NUE-related phenotypic traits at low N

(black) and high N (grey)
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explained most of the variation between lines.

HN_Fl_3 and LN_Fl_1 co-localized with strong QTLs

for SL at high and low N, respectively, in line with the

high correlation between these traits.

NUE

A QTL controlling NUE was found at P01 at low N

conditions. This QTL explained 17.0 % of the pheno-

typic variation with a LOD value of 3.82. This QTL

co-localized with multiple QTLs for SDW, LA, SFW,

CCh, CCi, Fl, LN and SL (Fig. 4). At high N

conditions no QTL was detected.

Discussion

Cultivation of spinach, like many other leafy vegeta-

bles, requires high amounts of nitrogen. This puts a

strain on the environment, consumes large amounts of

fossil energy for the synthesis of synthetic N, and

limits the opportunities for spinach as an organically

produced crop. This study provides a first step towards

a sustainable solution to this problem by providing

molecular tools for breeders through identification of

genetic factors governing NUE. Improved NUE is

beneficial under high N conditions as it helps limiting

the amount of nitrogen that leaches into the environ-

ment, but is at least equally important at low N

availability as it enables the plant to produce more

biomass and yield when N availability is limiting. We

created a genetic linkage map and several QTL regions

were identified that can be breeding targets for

improvement of NUE in spinach.

QTL analysis of complex traits (such as NUE) is

often hampered by a low heritability of the stress-

related traits detected under stress conditions (Lafitte

et al. 2004). It is likely that often at least in part this is

due to the lack of control over the stress conditions.

Our results showed substantial variation under low N

for most of the traits, and the heritability was high.

This may be partly due to the experimental setup,

which involved a hydroponics system and N addition

rates according to the Ingestad model. The plants were

thus exposed to a highly controlled steady state N

stress in a controlled root environment, reducing the

H
ig

h 
N

Low N
NUE SFW SDW RDW LA SLA R:S DM% CCi CCh SL Fl

NUE 0.42 0.74 0.94 0.65 0.69 -0.40 -0.29 0.20 -0.02 -0.12 0.08 0.00 NUE
SFW 0.89 0.80 0.80 0.73 0.88 0.04 -0.01 -0.38 -0.03 -0.15 0.01 -0.11 SFW
SDW 0.96 0.93 0.66 0.64 0.74 -0.42 -0.36 0.19 -0.01 -0.11 0.08 -0.02 SDW
RDW 0.78 0.82 0.82 0.73 0.72 0.05 0.43 -0.21 0.01 -0.07 0.07 0.02 RDW

LA 0.85 0.92 0.89 0.80 0.80 0.21 0.04 -0.31 -0.12 -0.21 0.16 0.08 LA
SLA -0.31 -0.09 -0.32 0.52 0.06 0.37 0.63 -0.73 -0.14 -0.11 0.09 0.12 SLA
R:S -0.45 -0.31 -0.46 0.03 -0.28 -0.11 0.27 -0.53 0.02 0.02 0.00 0.05 R:S

DM% 0.05 -0.26 0.05 -0.11 -0.19 -0.66 -0.34 0.64 0.03 0.09 0.06 0.12 DM%
CCi 0.11 0.12 0.12 -0.10 0.05 -0.12 0.07 -0.05 0.70 0.33 -0.20 -0.10 CCi
CCh -0.34 -0.41 -0.37 0.25 -0.43 -0.11 -0.24 0.18 0.15 0.70 -0.16 -0.08 CCh
SL 0.28 0.18 0.26 -0.06 0.34 0.10 0.26 0.13 -0.15 -0.24 0.85 0.58 SL
Fl 0.04 -0.08 0.02 0.07 0.07 0.07 0.06 0.23 -0.16 -0.02 0.63 0.82 Fl

NUE SFW SDW RDW LA SLA R:S DM% CCi CCh SL Fl

Colour
From -1.00 -0.80 -0.60 -0.40 -0.20 0.10 0.20 0.40 0.60 0.80 1.00 HvsN

To -0.81 -0.61 -0.41 -0.21 -0.11 -0.10 0.11 0.21 0.41 0.61 0.81

Fig. 3 Correlations between the phenotypic line means for

twelve NUE-related traits determined at Low and High N. The

coefficients above the diagonal refer to traits determined at low

N and the ones below the diagonal to the corresponding traits

from the high N treatment. The values on the diagonal (black

cells) represent coefficients of correlation between line means

determined at low and high N. The colour scale (depicted below

the correlation table) indicates the correlation strength. Corre-

lation coefficients with |r|[ 0.20 were significant for a

p\ 0.001
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environmental variation and improving detection of

heritable selection traits under low N availability. This

set-up is particularly useful for a genetic study aiming

at the traits contributing to N utilisation efficiency.

The genetic map presented in this study was based

on SNP markers identified in actively transcribed

genes. The map, composed of close to 283 markers in

expressed genes divided over 6 linkage groups

Table 2 Summary table on characteristics of QTLs determining genotypic variation for NUE-related traits observed in the Ran-

chero 9 Marabu F2:3 population tested at high and low N

N Treatment QTL Linkage Group Peak Position LOD R2 % Additive Dominance

High N HN_CCi_1 P02 66.1 43.3–66.4 6.23 25.0 -1.77 -0.63

HN_CCi_2 P04 58.1 54.2–59.4 4.01 17.7 -2.37 -0.46

HN_CCi_3 P06 17.9 17.9 4.44 19.2 -1.48 -0.10

HN_CCh_1 P01 3.8 0.0–8.6 13.48 41.9 -2.37 -1.72

HN_CCh_2 P03 26.4 12.1–31.1 4.07 17.9 1.66 -0.86

HN_Fl_1 P01 2.9 0.00–6.2 5.33 22.2 -0.20 0.13

HN_Fl_2 P01 30.5 30.5 3.06 14.1 -0.17 0.07

HN_Fl_3 P02 46.5 43.3–46.5 11.04 37.1 0.28 0.09

HN_LA_1 P01 3.8 1.1–3.8 3.74 16.7 13.89 9.12

HN_LA_2 P02 66.4 66.1–66.4 3.88 17.2 16.88 8.56

HN_LN_1 P01 5.5 0.0–8.6 4.79 20.4 -0.67 0.15

HN_LN_2 P01 30.5 29.9–30.5 3.32 15.1 -0.64 0.09

HN_LN_3 P02 46.5 40.2–66.4 6.11 24.6 0.78 0.40

HN_R:S_1 P04 53.5 53.8–54.7 3.46 15.6 0.00 0.02

HN_R:S_2 P06 39.1 29.6–39.1 3.93 17.4 0.01 -0.02

HN_SDW_1 P01 3.8 2.9–3.8 3.01 13.9 0.05 0.03

HN_SFW_1 P01 2.9 0.0–6.2 4.29 18.7 1.14 0.56

HN_SLA_1 P02 66.1 66.1–66.4 5.56 22.9 19.62 -4.23

HN_SL_1 P02 46.5 43.3–46.5 13.20 41.4 2.99 1.41

Low N LN_CCi_1 P01 6.2 0.0–8.6 4.07 17.9 -1.17 -0.81

LN_CCi_2 P02 66.4 46.4–66.4 5.62 23.1 -1.65 -0.08

LN_CCi_3 P04 58.1 53.5–59.4 4.50 19.4 -2.93 -1.09

LN_CCi_4 P06 17.9 17.9 3.88 17.2 -1.34 -0.34

LN_CCh_1 P01 3.8 0.0–6.2 8.45 31.2 -1.78 -1.44

LN_DM %_1 P05 2.4 2.4–2.9 3.11 14.3 -0.37 0.45

LN_Fl_1 P01 0.5 0.0–6.2 9.70 34.2 -0.26 0.06

LN_Fl_2 P01 24.3 24.3–30.5 3.53 15.9 -0.18 0.11

LN_Fl_3 P02 46.5 43.3–46.5 11.06 37.2 0.29 0.04

LN_LA_1 P01 3.8 3.8 3.13 14.3 8.93 3.79

LN_LN_1 P01 0.0 0.0–6.2 8.10 30.2 -0.97 0.27

LN_LN_2 P01 30.5 24.3–43.8 5.38 22.4 -0.92 0.10

LN_LN_3 P02 46.5 43.3–66.4 3.77 16.8 0.77 0.25

LN_NUE_1 P01 3.8 0.0–6.2 3.82 17.0 0.79 -0.10

LN_R:S_1 P06 29.6 29.6 3.03 14.0 0.01 -0.02

LN_SDW_1 P01 3.8 1.1–3.8 3.33 15.1 0.03 0.00

LN_SFW_1 P01 3.8 3.8 3.01 13.9 0.57 0.09

LN_SFW_2 P05 0.6 0.0–16.4 3.54 15.9 0.52 -0.41

LN_SL_1 P01 0.0 0.0–6.2 3.83 17.0 -1.61 0.99

LN_SL_2 P02 46.5 43.3–46.5 10.86 36.8 2.66 0.86
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Fig. 4 The location of

QTLs for NUE-related traits

detected in the high N and

low N experiment is shown

on separate genetic linkage

maps by green and red

vertical bars, respectively.

Vertical bars represent the

LOD-1 and the whiskers the

LOD-2 support interval.

(Color figure online)
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(matching the basic chromosome number in spinach),

presents a significant improvement over the currently

available published map by Khattak et al. (2006) with

110 markers and 7 linkage groups. Moreover, the

Khattak map contained a considerable number of

AFLP markers, which are not easily usable as allelic

bridges between different molecular maps. The avail-

able sequence information of the SNP markers of the

here reported map will enable integration with other

maps and physical mapping using the spinach genome

sequence, which is expected to become available soon.

The current linkage map still contains several gaps and

clusters of markers. This may be related to the fact that

the markers originate from coding regions of the

genome, which are mostly present in the euchromatin.

Marker clustering within linkage maps is not restricted

to gene-based markers, and not uncommon for random

DNA-based markers as well (Qi et al. 1998; Haanstra

et al. 1999; Vuylsteke et al. 1999; Young et al. 1999;

Jeuken et al. 2001). Brugmans et al. (2002) suggested

that the ideal distribution of markers to find functional

or causal genes for a trait of interest is not necessarily

regular spacing across the whole genome, but rather a

concentration of markers in the coding regions of the

genome, suggesting that the map presented here is

well-suited for QTL analysis.

Gaps and clusters may also result from a lack of

homology between the genomes of the parents,

reducing recombination frequency. The pedigree of

the female parent of the mapping population map

includes germplasm from the wild species S. turkes-

tanika (van Diemen, personal communication 2013).

However, this was also the case for the parents of the

Khattak mapping population, but the markers on this

map are not clustered as much as the markers on our

map. Another explanation for the clustering and

presence of gaps could be linked to the size and

structure of the spinach chromosomes. A cytogenetic

study of Ramanna (1976) showed that four of the six

spinach chromosomes had a low short-to-long arm

ratio, which is normally associated with a high number

of rod bivalents at the late prophase I or metaphase I of

meiosis (for a review, see Jones 1987). Rod bivalents

are due to the absence of chiasmata between the

chromatids of the short arms of two homologous

chromosomes and are therefore indicative for a low

degree of recombination (Sanchez-Moran et al. 2002).

Since spinach chromosomes are quite small, the

overall number of chiasmata that occur within single

chromosome pairs may be low, which may at least

partly account for the clustering and gaps in our map.

It is important to note that this may severely compli-

cate breeding for traits for which the genes are located

on the short arms of the spinach chromosomes.

Several phenotypic traits that were measured in this

study may be determined by the same biological

processes or even a single gene, which is exemplified

by the accumulation of QTLs at two locations, i.e. on

linkage groups P01 and P02 (Fig. 4). The QTL effects

may be strongly influenced by differences in flowering

time of the plants; the response to abiotic stress is

influenced by maturity of the plants (Vargas et al.

2006, Reynolds and Tuberosa 2008). Flowering influ-

ences N use efficiency because the fruits and flowers

are strong N sinks (Schieving et al. 1992). Genotypic

differences in flowering time may therefore directly

affect traits related to plant growth and N use

efficiency. Flowering differences were evaluated by

measuring presence/absence of flowers (Fl), leaf

number (LN) and indirectly, stem length (SL). The

six QTLs for Fl co-localized with QTLs for biomass,

suggesting that the genetic variation for biomass may

be partly determined by flowering traits. However,

separate QTL analyses with flowering as a covariate

resulted in the same QTLs for biomass traits with

similar LOD scores, indicating that the biomass trait

QTLs on linkage groups P01 and P02 were to a larger

extent determined by other factors than flowering.

The detected flowering QTLs together explained a

large part of the total variation both under high and

low N conditions, indicating that the majority of the

genomic regions controlling flowering in this popula-

tion were identified. Two other traits directly associ-

ated with flowering (stem length and leaf number)

showed QTL co-localization with the flowering QTLs,

emphasizing the significance of these QTL regions.

Together with studies of Khattak et al. (2006),

Onodera et al. (2011) and Yamamoto et al. (2014)

related to sex expression, these results present a basis

for understanding the genetic control of flower devel-

opment in spinach and similar species.

Nitrogen nutrition plays a crucial role in determin-

ing plant photosynthetic capacity in both natural and

agricultural environments (Abrol et al. 1999). Because

the photosynthetic apparatus utilizes a large part of the

available N in the plant, N availability is a key external

factor for photosynthetic capacity and plant growth.

Photosynthetic capacity is dependent on leaf area and
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on chlorophyll content of the leaf. A number of studies

have demonstrated the correlation of chlorophyll

content with N availability. In maize, Crafts-Brandner

and Poneleit (1992) found a correlation between

Rubisco content, chlorophyll content and photosyn-

thetic activity, and Hageman and Lambert (1988)

linked photosynthetic activity to leaf N concentration.

SPAD readings were suggested to give good estima-

tions of NO3
-N concentrations in spinach, assisting in

the evaluation of N availability in fields and assess-

ment of optimal harvest time (Liu et al. 2006). In

cereals, leaf chlorophyll content was decreased under

low N conditions (Muchow and Davis 1988; Sinclair

and Vadez 2002), and in spinach under suboptimal N

conditions a considerable reduction of chlorophyll

content (CC) was observed (Evans and Terashima

1987). In most cases, the decrease in CC under low N

availability is directly related to stress-induced senes-

cence. In our study CC was not affected by N level,

seemingly contradicting results from others. However,

our experiments used the N addition model of Ingestad

(1982), and N is provided to the plants in an

exponential and progressive manner according to a

specific relative growth rate (0.10 and 0.18). At the

low N addition rate, the plants are able to adapt to the

low N availability (Gutshick 1999). The plants do

grow slower, but these are likely able to balance

photosynthetic capacity and growth to the available N,

and the leaves hardly senesce (Chan-Navarrete et al.

2014). The CCmeasurements at harvest therefore may

be indicative for physiological aging of the measured

leaves, which was affected by low N availability. This

is in agreement with the co-localization of CC QTLs at

high and low N. The HN_CCh_1 and LN_CCh_1

QTLs localized in the QTL hotspot at P01, linking CC

to biomass production both under low and high N

conditions. The Ranchero allele linked to delayed

senescence (higher chlorophyll content at end harvest)

located on P01 may be an interesting quality target for

spinach breeding.

Nitrogen use efficiency was highly correlated with

SFW, SDW, RDW and LA under both low and high N

conditions. Under low N conditions, leaf area is

typically limited, balancing it with the limited N

availability (Evans and Terashima 1987, Evans 1989).

The genotypes that can retain a relatively high LA

while balancing nitrogen and carbon generally would

be expected to have higher NUE, which is exemplified

by the positive correlation between LA and NUE

(Fig. 3) and the colocalization of QTLs for LA, NUE

and biomass traits under high N conditions on P01 and

P02, and under low N conditions at P1.

R:S was negatively correlated with NUE under high

N conditions and DM % did not show any correlation.

The lower (negative) correlation between R:S and

NUE at low N was likely caused by prioritizing an

investment in roots over shoots (the NUE measure-

ments are based on leaf N content). The R:S QTLs

HN_RS_2 and LN_RS_1 co-located on P06 at

29.6 cM, indicating that this QTL at last partly

controls partitioning of assimilates independent of

N-availability. Under low N conditions, DM %

increased and a low correlation with NUE was

detected, as was also observed by Elia et al. (1998).

In addition, we identified QTLs for SLA and LA at P02

under high N conditions, but these QTLs were not

found under low N conditions. This points to geno-

typic differences in how assimilate usage is adapted at

low N, and may reflect variation in changing from

producing N-rich proteins and maximizing leaf sur-

face area under high N to production and accumulation

of carbohydrates (Blaby et al. 2013), production of

low-N containing structural components, or produc-

tion of osmolytes to adapt osmotic balance of the cells

to cope with a reduction of the water content. The here

observed reduction in LA and prioritization of invest-

ment in roots at low N conditions may reflect a

response aimed at maintaining the balance between

carbon and nitrogen. This is in line with the fact that

plants possess an intricate regulatory mechanism that

coordinates N metabolism with C metabolism (Nunes-

Nesi et al. 2010). Nitrogen availability is directly

linked to photosynthetic capacity because the proteins

of the Calvin cycle and thylakoids represent the

majority of leaf nitrogen (Evans 1989). Limited N

availability increases the C/N ratio, with less N

available for photosynthetic proteins, and the resulting

accumulation of carbohydrates feeds back negatively

on photosynthesis (Noguchi and Terashima 2006).

The C/N balance can be further restored by a reduction

of LA, decreasing photosynthetic capacity, and an

increase in the thickness of the leaf, represented by a

reduction of SLA (Kant et al. 2011). Indeed we find

that SLA is inversely correlated with NUE (-0.40 and

-0.31 under low and high N conditions, respectively),

indicating that in the plant material evaluated, the

restoration of the C/N balance as described above

positively affects NUE. We also found that leaf area
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was highly positively correlated with NUE (0.69 at

low N and 0.85 at high N). Moreover, under high N

conditions, SLA and RDW are correlated (0.52), while

under low N conditions, this correlation disappears.

This may imply that with ample N available, invest-

ment in roots is accompanied by large and thin leaves,

matching increased N uptake capacity with higher

photosynthetic surface. Under low N, SLA and RDW

are no longer correlated: this may imply that plants

grown under low N conditions tend to prioritize roots

over shoots (R:S is increased), but this investment in

roots is under these conditions not associated with

higher SLA. The investment in roots does not

compensate for the lower levels of N in the root

environment, N-uptake is decreased, and therefore

C/N needs to be adapted as well. The strong positive

correlation of LAwith NUE under lowN indicates that

there is substantial variation for selecting NUE related

traits in the spinach population under study to optimize

NUE under N-limiting conditions.

Concluding remarks

The results presented in this study provide a first step

towards molecular breeding for complex traits in

spinach, in particular for nitrogen use efficiency and

adaptation to growth under low input conditions. The

identified QTLs may be targets for breeding programs

aimed at improving NUE, bith under high N and N

limiting condition, thus providing tools to increase

yields under low N input conditions, and decrease

environmental strain at high N input. However, it

should be taken into account that the approach chosen

in this study, i.e. the use of a hydroponics system and

N addition according to the Ingestad model, focused

on QTL detection for traits related mostly to N

utilization under highly controlled N stress conditions.

The relevance of the detected QTLs under field

conditions still needs to be proven.
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