
Construction of the first high-density genetic map and QTL
mapping for photosynthetic traits in Lycium barbarum L.

Haiguang Gong & Fazal Rehman & Tianshun Yang &

Zhong Li & Shaohua Zeng & Lizhu Pan & Yongqing Li &
Ying Wang

Received: 13 February 2019 /Accepted: 29 May 2019 /Published online: 6 July 2019
# Springer Nature B.V. 2019

Abstract Photosynthesis is essential for plant develop-
ment as well as crop yield. QTL mapping was conduct-
ed for photosynthetic traits such as net photosynthetic
rate (PN), stomatal conductance (Cond), inner-cellular
carbon dioxide (Ci), transpiration rate (Trmmol), limit-
ing value of the stoma (Ls), and water use efficiency
(WUE). A high-density genetic map covering
964.03 cMwas developed based on a hybrid population
of the Goji (Lycium barbarum L.). The genetic map

consisted of 23,967 markers with an average distance
of 0.040 cM between two adjacent markers. Twenty-
nine and three quantitative trait loci (QTLs) for photo-
synthetic traits and trunk diameter (TD), respectively,
were detected, of which 8 QTLs, including 3 for PN, 2
for Cond, 1 for Trmmol, 1 for Ci, and 1 for Ls, can be
detected in at least 2-year measurements (from 2017 and
2018, as well as the averaged data from 2017 and 2018,
which was regarded as a 3rd year, named 1718). Among
these measurements, qPN1 was detected in all 3 years
and considered a stable QTL whereas qLs1 and qLs2
with the highest phenotypic variance explained (PVE%)
32.012 and 17.965 were detected as major QTLs. PN,
Cond, Ci, Trmmol, Ls, and WUE showed significant
correlations with each other except for Cond and WUE
whereas PN and Cond were significantly correlated with
TD (P < 0.05). These findings indicate that PN and
Cond are critical factors for the growth of plants and
QTLs contribute to PN, Cond, and TD, which could
provide an improved way to enhance the breeding of
the Goji in relation to its growth rate.
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Introduction

Goji (Lycium barbarum L.) is one of the most important
medicinal plants in China, Europe, and the Mediterra-
nean region (Amagase and Farnsworth 2011; Li et al.
2012; Zhao et al. 2015). Goji has red fleshy fruits that
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have affinal drug and diet functions and contain trace
minerals including zinc, iron, calcium, and phosphorus
and abundant amino acids as well as metabolic com-
pounds such as flavonoids, carotenoids, and polysac-
charides (Qiu et al. 2014; Wang et al. 2010a, 2010b; Yin
and Dang 2008). Studies have revealed that anti-
oxidative compounds, polysaccharides (Dahech et al.
2013), and hydroxycinnamic acid amides (HCCA) have
potential anti-inflammation effects (Wang et al. 2017).
Goji berry also has a great effect on reversing neurode-
generation in Alzheimer’s patients and relieving symp-
toms (Chang et al. 2015). Due to its suitable semi-arid
climate and particular geographic position, Ningxia
province in China should be considered as a “daodi”
area of the goji: a zone that can cultivate goji with stable
growth, premium quality, and efficient production. In
fact, China is the primary producer and exporter in the
world. The recent production estimates of goji in China
is 88,000 ha covering entire Ningxia region including
Xinjiang, Gansu, Inner Mongolia, Hubei, Shanxi, and
northwest to central China (Chen et al. 2018). By 2017,
the yield of dry goji berries in China accounted for
410,608 t while in Ningxia Region, which is considered
the biggest planting area of goji, the yield is estimated to
be about 108,473 t of goji (SFAC 2018). Goji is a
privileged tree; its fruit has many advantages: provides
cures to the number of health-related issues such as
neurological, cardiovascular, gastrointestinal regularity,
and anti-aging (Chen et al. 2018). As the domestic and
international market demand rises, the production in
Ningxia Province cannot meet the consumer demand
(Yao et al. 2018). Thus, it is necessary to enhance the
production of the goji berry in more suitable cultivation
regions.

Photosynthetic pigments such as chlorophyll affect
photosynthetic efficiency. Net photosynthesis (PN) plays
a positive role in plant growth, biomass accumulation,
and crop yield, and shows genetic inheritance differ-
ences in different environments (Qu et al. 2017;
Zelitch 1982). In modern agriculture, photosynthesis is
not utilized efficiently and is far from its biological limit,
but it can serve as a key player to improve the genetic
production potential of crops (Long et al. 2015).

Cultivating a high or sustained stomatal conductance
(Cond) is an indirect way to improve crop yields
(Richards 2000). A high stomatal conductance is critical
for crop growth and yield, particularly during the period
of seed formation and filling (Roche 2015). Stomata are
the main gateway for leaves to absorb CO2 and water for

photosynthesis. The photosynthesis process takes place
during the daytime with the stomata opening, and the
stomatal conductance is a critical limitation to the pho-
tosynthetic rate (Roche 2015).

Cellular CO2 concentration (Ci) is another factor that
affects photosynthetic traits. However, the stomatal lim-
itation is revealed by the difference between the external
carbon dioxide and cellular carbon dioxide, which is
closely associated with the exchange capability of the
stoma. Under a mild water deficit, stoma closure causes
the stomatal limitation of photosynthesis, which leads to
a decline in photosynthesis (Mullet and Whitsitt 1996;
Pinheiro et al. 2004). The water use efficiency (WUE) is
closely related to drought tolerance with the combined
effect of a deep root system. In fact, more WUE con-
tributes to high drought tolerance (Hund et al. 2009).
The trunk diameter (TD) is closely correlated with the
weight of different internal organs of shrubs, which
collectively represent the biomass of plants
(Harrington 1979).

To develop a cultivar with an efficient photosynthetic
system, marker-assisted selection (MAS) provides an
innovative and efficient way for species selection and
variety development (Singh and Singh 2015). The re-
cent sequencing techniques such as next-generation se-
quencing (NGS) and the use of restriction enzymes
called reduced representation genome sequencing
(RRGS) provide an efficient way to discover the SNP
locus and enable high-density genetic map construction
for QTLmapping (Baxter et al. 2011; Davey et al. 2011;
Wang et al. 2012; Migicovsky and Myles 2017). Under
NGS, there are several RRGS-based sequencing tech-
niques that have been developed for genetic map con-
struction, including SLAF-seq (Sun et al. 2013), double-
digest restriction site-associated DNA sequencing
(ddRAD-seq) (DaCosta and Sorenson 2016), restriction
site-associated DNA sequencing (RAD-seq) (Zhu et al.
2018), and genome-wide association studies (GWAS)
(Han et al. 2018). ddRAD-seq is a type of genotyping-
by-sequencing (GBS) method using double-enzyme di-
gestion, yielding a large scale of SNPmarkers and InDel
polymorphisms (DaCosta and Sorenson 2016). ddRAD-
seq has been applied in different flora and fauna species
to construct genetic map such as the Japanese eel, big-
head carp, peanut, Brassica napus, Chinese cabbage,
and Coho salmon (Barria et al. 2018; Fu et al. 2016; Kai
et al. 2014; Laila et al. 2019; Zhou et al. 2014).

The primary goals of this research were to construct
the genetic map based on genotyping of goji F1
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population, then to investigate the relationship between
6 photosynthetic traits and trunk diameter (TD) by QTL
mapping analysis and to provide a direction for the
future breeding of goji. With these aims, an intraspecific
hybridized F1 population has been established based on
“Ningqi5” and “Zhongkeluchuan1” (two cultivars of
Lycium barbarum L.). ddRAD-seq was exploited to
identify SNP markers and constructed a high-density
genetic map of L. barbarum and QTL mapping was
performed based on the photosynthetic data collected
during 2017 and 2018.

Materials and methods

Plant materials

Two cultivars of L. barbarum “Ningqi-5” as the female
parent (N5) and “Zhongkelüchuan-1” (ZKLC1) as the
male parent were cross-fertilized in August 2016 (the
parents N5 and ZKLC1 images have been added in
Supplementary File 1, Fig. S4). The seeds were sown
in the greenhouse during the spring of 2017, and then in
May transplanted to a field at the Northwest China Bio-
agricultural Center, Yinchuan City, Ningxia Province,
China. In September of 2017, a total of 305 randomly
chosen offspring were defined as the F1 population for
this study.

DNA extraction and library construction
and sequencing

The young leaves from the parents as well as progeny
were collected and dried with desiccant (silica gel) prior
to DNA extraction. All the leaves were extracted with
the cetyl-trimethyl-ammonium bromide standard meth-
od (CTAB method) with minor modifications (Murray
and Thompson 1980). ddRAD-seq was used to geno-
type the F1 population and their parents according to
(Wu et al. 2016) with minor modifications. The proce-
dure framework adopted was as follows: (1) 500-ng
high-quality genomic DNAwas digested into fragments
with two restriction enzymes “SacI and MseI”; (2) the
adaptors “SacAD and MseAD” with unique barcodes
were ligated with the DNA fragments; (3) the DNA
fragments were separated on 2% agarose gel and the
length range from 320 to 420 bp was chosen for ampli-
fication before sequencing on an Illumina Hi-seq

platform. The original paired-end sequence length was
150 bp (Wu et al. 2016).

SNP marker development and genetic map construction

All the raw sequences were screened by Cutadapt
(v1.13) (Chen et al. 2017a) and Trimmomatic (v 0.36)
(Brauer et al. 2017) software to obtain clean reads. All
clean reads were used to developed polymorphic
markers with Stacks (v1.48) (Rochette and Catchen
2017). The polymorphic markers were filtered with
MAF ≥ 0.1 and missing rate of ≤ 0.25 values (Catchen
et al. 2011). Only the ddRAD markers were screened
and identified in more than 75% of the progenies with ≤
25% missing values, while a minor allele frequency
(MAF) greater than 0.1 was used as a standard for the
genetic map construction with Lep-MAP (v.3.0) (LOD
> 47) (Rastas 2017).

Phenotypic trait measurement

In September of 2017 and 2018, the phenotypic traits
related to photosynthesis were measured daily from
9:00 a.m. to 12:00 a.m. The net photosynthetic rate
(PN, μmol CO2 s−1 m−2), transpiration rate (Trmmol,
mmol H2O m−2 s−1), intercellular CO2 concentration
(Ci, μmol CO2 mol−1), stomatal conductance (Cond,
mmol H2O s−1 m−2), and ambient CO2 concentration
(Ca, μmol CO2 mol−1) were measured using a Li-6400
(LI-COR, Lincoln, NE USA) with a photosynthetic
active radiation of 1000 μmol m−2 s−1 and an air flow
rate of 500 μmol/s. The data were collected with three
replicates from each plant, and the average values were
used. The limiting value of the stomata (Ls) and water
use efficiency (WUE) were calculated using the formu-
las Ls = 1-Ci/Ca and WUE = PN/Trmmol (Chen et al.
2006). Due to variation in the weather conditions, all the
data were collected within 10 days. The trunk diameter
(the stem diameter 10 cm above the ground) of the F1
individuals was also measured with a vernier caliper in
August of 2018 (Niklas 1995). After deleting the miss-
ing data, the 6 photosynthetic traits were analyzed using
a Pearson correlation between 2 years with SPSS v21.0
(Sanchez-Perez et al. 2012). The correlation of 7 traits
(averaged data between 2017 and 2018 of PN, Cond, Ci,
Trmmol, Ls, WUE, and the TD of 2018) was also
analyzed using Past software (v.3.0, University of Oslo,
Norway).
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QTL mapping

The QTL mapping for the average of the 7 phenotypic
traits (PN, Trmmol, Ci, Cond, Ls, WUE, and TD) was
performed using the software GACD (v.1.0, Chinese
Academy of Agricultural Sciences, CAAS, Beijing,
China) (Zhang et al. 2015). All the missing phenotypic
data were deleted while performing inclusive composite
interval mapping (ICIM) and a logarithm of odds (LOD)
of 2.5 was selected as a threshold to determine the QTL.
A QTL with explained phenotypic variation (EVP%) >
10 observed as a major QTL whereas detection in all
3 years defined as a stable QTL (Che et al. 2018). The
genetic map and QTLs were graphed out by Mapchart
(v. 2.2) (Akond et al. 2013).

Results

Analysis of ddRAD-seq data and genetic map
construction

A total of 615.83 Gb raw data were obtained after the
ddRAD library construction and next-generation se-
quencing with high base quality standard Q20
(98.54%) and Q30 (95.53%). The average GC contents
were 41.47%with the corresponding sequencing depths
16.30 and 17.52, and the read numbers 4,138,487 and
5,737,731 for the parents N5 and ZKLC1, respectively.
These paired-end reads produced 249,284 and 283,424
tags of 150 bp in length. F1 individual’s average read
numbers were 7,484,038 with a tag production rate of
4.64% (Fig. S1, Supplementary File 5). As the F1 intra-
specific population based on N5 as female and ZKLC1
asmale was highly heterozygous, both parents exhibited
a wide range of variations in genomic contents as well as
agronomic traits. Thus, during the distribution of
markers into population segregation pattern, only het-
erozygous groups were considered and homozygous
group abandoned. A total of 26,860 markers were con-
fined into seven segregation patterns by using Stacks
software, which further split as 11,639, 8145, 3940,
1706, 767, 555, and 108 markers into lmxll, nnxnp,
hkxhk, efxeg, abxcc, ccxab, and abxcd segregation
groups, respectively, with 7.74% marker producing rate
(Table S1, Supplementary File 5).

A total of 26,860 markers were used by the software
Lep-MAP (v.3) (LOD > 47), and a consensus map of
23,967 markers was constructed with a total length of

964.03 cM and 2740 bins were obtained (Fig. 1; Table 1;
Supplementary File 6). The mapping ratio of the markers
was 89.23%, of which the N5 (female parent) and ZKLC1
(male parent) maps had lengths of 886.75 cM and
1042.38 cM, respectively. The average marker interval
for N5 was 0.038 cM with a maximum interval of
4.610 cM (Supplementary Fig. S2 and Files 1 and 7). In
the male map (ZKLC1), the mean markers and the max-
imum distance were 0.042 cM and 6.60 cM, respectively
(Supplementary Fig. S3 and Files 1 and 7). Both the N5
and ZKLC1 maps consisted of 13 linkage groups. How-
ever, themarkers in LG12 had no exchange in theN5map,
while those in LG13 had also no exchange in the ZKLC1
map as well. Themean andmaximummarker interval was
0.040 cM and 3.61 cM for the consensus map with an
average of 1844 markers, respectively (Table 1). The
densest one was the LG1 with total 3219 markers,
0.023 cMmean interval distance, and the maximum inter-
val distance of 0.331 cM. The less dense was LG11 with
1327 markers, 0.081 cM mean interval distance, and the
maximum interval distance of 2.46 cM.

Genetic map evaluation

The quality of the consensus genetic map was evaluated
with a haplotype map as well as a heat map (Xu
et al. 2015; Zhu et al. 2015). Eleven linkage groups of
the genetic map with exchangeable markers were eval-
uated by the recombination rate between the markers
under each linkage group in the heat map (Supplemen-
tary File 2). The integrated map quality was evaluated
by pairwise recombination rate of markers, which were
used to construct the heat maps. The rate of recombina-
tion and the genetic distance between two markers were
evaluated to define the accuracy of the mapping. The
vertical and horizontal coordinates represented the cor-
responding markers in the linkage groups. Blue square
revealed low recombination rate, while red one indicat-
ed a high rate of recombination. A heat map can be
applied to examine the possibility of order error by the
test of markers recombination rate if the exchange rate is
not gradual between the markers and the corresponding
linkage group. The population genotyping error and the
double exchange were revealed by haplotype mapping
(Zhu et al. 2015). The haplotype map was constructed
for 305 F1 individuals and their parents as a control
using 23,967 markers. Each individual recombination
event was represented in the haplotype map clearly
(Supplementary File 4) and showed no missing or
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crossover in the 11 linkage groups. According to two
kinds of maps, all the linkage groups distributed evenly,
which further confirm the suitability of the F1 popula-
tion for genetic mapping analysis.

Phenotypic trait evaluation

The six phenotypic traits related to photosynthesis (PN,
Cond, Ci, Trmmol, Ls, and WUE) of two parents were

measured in 2 years and analyzed by one-way ANOVA
using the statistical software SPSS (v21.0). The results
indicated that five traits of the two parents were highly
significantly different (P < 0.01) for the 2017–2018 data
(Table 2), while WUE was significantly different
(P < 0.05) in 2017 and highly significantly different (P
< 0.01) in 2018. ZKLC1 was extremely significantly
higher (P < 0.01) than N5 in PN, Cond, Ci, and Trmmol
and highly significantly lower (P < 0.01) in Ls during

Fig. 1 Marker distributions of a consensus map of L. barbarum

Table 1 Basic characteristics of consensus map of L. barbarum

Linkage group ID Length (cM) No. markers No. bins Marker interval (cM) Bin interval (cM) Max interval (cM)

LG01 73.77 3,219 224 0.023 0.331 1.81

LG02 79.19 2,827 230 0.028 0.346 3.29

LG03 68.04 2,580 233 0.026 0.293 1.15

LG04 97.73 2,395 238 0.041 0.412 3.61

LG05 91.81 2,129 259 0.043 0.356 1.64

LG06 81.64 1,928 233 0.042 0.352 2.3

LG07 97.71 1,898 317 0.052 0.309 1.48

LG08 97.55 2,309 252 0.042 0.389 2.63

LG09 70.17 1,486 199 0.047 0.354 1.8

LG10 93.62 1,290 251 0.073 0.374 2.79

LG11 107.55 1,327 274 0.081 0.394 2.46

LG12 1.64 353 11 0.005 0.164 0.17

LG13 3.61 226 19 0.016 0.19 0.66

Average 74.16 1,844 211 0.040 0.328 1.98

Total 964.03 23,967 2,740 – – –
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2017–2018. For the trait of WUE, N5 was significantly
higher than ZKLC1 (P < 0.05) in 2017 and extremely
significantly higher in 2018 (P < 0.01). The frequency
histogram of the six photosynthetic traits showed a
pyramid distribution with regularity in the values of
the parents (Fig. 2). By the Pearson correlation of all
individuals analyzed between 2017 and 2018 of the six
traits, PN, Cond, and Trmmol showed extremely signif-
icant correlations (P < 0.001), while Ci, Ls, and WUE
non-significant (Table 3). The six photosynthetic traits
exhibited significant correlations with each other
(P < 0.05), except for Cond with WUE (P > 0.05).
Among these photosynthetic traits, PN and Cond had
significant correlations with TD (Fig. 3).

QTL mapping

The photosynthetic trait data were collected from 2017
to 2018, and the averaged of the 2 years was treated like
the third-year 1718 data. The genetic map and data of
the 6 photosynthetic traits were used for the analysis by
using GACD (v.10), and 1000 permutation tests and a
LOD score of 2.5 were selected as the thresholds for the
QTL analysis. A total of 32 QTLs with six photosyn-
thetic traits and TD were identified. Among them, 8
QTLs were identified based on 2 years of data (out of
2017, 2018, & the averaged data of the 2 years). For the
net photosynthetic rate, the QTLs were mapped on
chromosomes 3 and 5, with LOD scores ranging from
3.22 to 5.28 among which the QTL “qPN1” had the
highest LOD score of 5.28 and detected in 3 years of
data (Table 4). Thus, qPN1 was regarded as a stable
QTL. The phenotypic variance explained by the indi-
vidual QTLs of the photosynthetic rate was within 5.16

and 7.03, and QTL qPN1 wasmapped to chromosome 3.
In total, the LOD scores were found to be in the range
between 2.50 and 20.21. The phenotypic variance ex-
plained by the individual QTLs for the photosynthesis-
related traits was between 3.17 and 32.01, whereas for
the other traits such as Cond, Ci, Trmmol, and Ls, only
five QTLs were detected based on 2 years of data (2017,
2018, & the averaged of the 2 years 1718). qLs1 and
qLs2 with the highest EVP% 32.012 and 17.965, re-
spectively, can be identified as major QTLs. Fourteen
QTLs of different traits were found to overlap at five
different locations on the linkage group. The four QTLs
of qPN1, Cond2, qTrmmol2, and qLs1 were located at
the same position 26.39–27.38 cM on LG3. The 6 QTLs
of qCi, qLs4, qWUE2, qPN2, qCond3, and qLs5 were
also found at the same positions of 1.64–2.13 cM on
LG2 and 30.98–31.64 cM on LG3, respectively. The
other two overlapping QTLs comprised of PN and Cond.
All four QTLs of PN overlapped with Cond (Table S2).
The additive effect of the female (N5) contributing to the
29 QTLs ranged from − 0.493 to 5.323, while that of the
male parent (ZKLC1) was from − 5.450 to 0.662. The
dominant effect of both parents ranged from − 0.197 to
3.717. The additive effect of most of the QTLs was
found low.

Discussion

Construction of the genetic map

Genetic map construction and QTL mapping is a highly
efficient way to analyze traits in plants (Li et al. 2014).
So far, to our knowledge, there has been no report on the

Table 2 Analysis of variance (ANOVA) of six traits between N5 and ZKLC1

Traits 2017 2018

N5 ZKLC1 N5 ZKLC1

PN 9.20 ± 1.47** 18.19 ± 2.13** 10.35 ± 1.15** 16.45 ± 1.76**

Cond 0.12 ± 0.05** 0.48 ± 0.08** 0.12 ± 0.03** 0.36 ± 0.08**

Ci 245.19 ± 35.75** 312.26 ± 5.65** 229.93 ± 16.12 ** 287.03 ± 21.88**

Trmmol 3.03 ± 1.17** 8.45 ± 0.84** 5.07 ± 1.19 ** 11.88 ± 0.97**

Ls 0.39 ± 0.09** 0.21 ± 0.01** 0.41 ± 0.04 ** 0.25 ± 0.06**

WUE 3.29 ± 0.87* 2.16 ± 0.21* 2.09 ± 0.23 ** 1.38 ± 0.09**

**N5 and ZKCL1 have extremely significant differences in this trait of the same year (P< 0.01)

*N5 and ZKLC1 have significant differences in this trait of the same year (P< 0.05)
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Fig. 2 Frequency distribution of 6 photosynthetic traits and trunk
diameter for F1 population. Each x-axis represents the value of one of
the 7 traits, and the y-axes indicate the number of trees with the

corresponding value on the x-axis. Arrows show the values of the
female parent (N5) and the male parent (ZKLC1)
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genetic map of Lycium barbarum L. published yet,
although EST-SSR markers have been developed for
the construction of the genetic map of Lycium barbarum
L. (Chen et al. 2017b). The genetic map in the current
study is regarded as the first genetic map of Lycium
barbarum L.. Compared to RAD-seq, ddRAD-seq has
numerous advantages over previous sequencing tech-
niques, as it is a cost-effective, efficient, and rapid
method to obtain a greater number of reads with robust-
ness and unique barcode system (Peterson et al. 2012;
Kai et al. 2014). It is applicable to those species without
reference sequence genome and use of double restriction
enzyme digestion concurrently results in reduced library
construction (Peterson et al. 2012). And a greater num-
ber of SNPs are generated than using RAD-seq

(Kakioka et al. 2013). Thereby, ddRAD-seq has been
employed to construct the genetic map of many species
including the Japanese eel (Kai et al. 2014), strawberry
(Davik et al. 2015), lotus (Liu et al. 2016), tomato (Liu
et al. 2016), linseed flax (Zhang et al. 2018), and peanut
(Wang et al. 2018). Hence, the ddRAD library is a
reliable method for high-density genetic map construc-
tion. A total of 26,860 markers from 347,070 tags were
obtained with a 7.74% marker producing rate. The
seven segregation patterns and 23,967 markers obtained
after filtering out the repetitive or distorted markers were
distributed as 11,639 (lmxll), 8145 (nnxnp), 3945
(hkxhk), 1706 (efxeg), 767 (abxcc), 555 (ccxab), and
108 (abxcd). The results demonstrated that goji is a
highly heterozygous tree plant with a high level of

Table 3 Correlation between each of the six traits in 2017 and 2018 among all individuals

Trait 2017 2018 Correlation between 2 years

Mean Maximum Minimum Mean Maximum Minimum P value

PN 15.04 ± 3.09 22.74 6.34 15.18 ± 2.94 23.19 8.09 P< 0.001

Cond 0.24 ± 0.08 0.59 0.05 0.23 ± 0.08 0.54 0.05 P< 0.001

Ci 254.25 ± 22.39 304.10 190.61 277.25 ± 38.25 347.64 90.71 P> 0.05

Trmmol 6.25 ± 1.48 10.17 2.15 4.39 ± 1.20 8.53 1.41 P< 0.001

Ls 0.34 ± 0.06 0.53 0.21 0.32 ± 0.09 0.78 0.14 P> 0.05

WUE 2.48 ± 0.49 4.11 1.36 3.66 ± 0.88 7.33 1.56 P> 0.05

Fig. 3 Correlation test among six
photosynthetic traits and trunk
diameter (TD). *Red circles
indicate that the two traits have a
negative correlation, and blue
means a positive correlation.
Square boxes indicate that the
correlation of the traits is
significant (P < 0.05)
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Table 4 Summary of QTLs for photosynthetic trait and TD in F1 population of L. barbarum

Trait QTL Year LG ID Position IC (cM) LOD PVE (%) Parental effect

M F FM

PN qPN1 2017 3 27 26.39–27.38 5.28 7.028 − 0.833 − 0.041 0.022

2018 3 27 26.39–27.38 3.22 4.780 − 0.638 0.141 − 0.011
1718 3 27 26.39–27.38 4.23 6.324 − 0.711 0.207 0.024

qPN2 2017 3 31 30.98–31.64 5.00 6.615 0.115 0.809 − 0.094
qPN3 2018 3 51 50.33–51.31 3.47 5.174 − 0.210 0.622 − 0.157

1718 3 51 50.33–51.31 4.04 6.099 − 0.078 0.708 − 0.197
qPN4 2018 5 85 84.6–85.09 3.82 5.688 0.662 − 0.228 0.065

1718 5 85 84.6–85.09 3.45 5.159 0.647 − 0.081 0.142

Cond qCond1 2017 2 21 20.66–21.15 2.59 3.378 0.007 0.008 0.012

qCond2 2017 3 27 26.39–27.38 4.60 6.298 − 0.021 − 0.001 − 0.003
qCond3 2017 3 31 30.98–31.64 3.65 4.935 0.005 0.019 − 0.004
qCond4 2017 5 85 84.6–85.09 3.54 4.819 0.018 0.001 0.006

qCond5 2018 3 51 50.33–51.31 2.86 4.771 − 0.008 0.016 − 0.001
1718 3 51 50.33–51.31 3.89 6.444 − 0.004 0.017 − 0.003

qCond6 2018 5 63 62.79–63.28 2.68 4.324 0.010 0.001 0.015

1718 5 63 62.79–63.28 2.79 4.500 0.014 0.000 0.005

Trmmol qTrmmol1 2017 3 11 10.33–11.15 2.72 3.60 0.042 0.272 0.004

qTrmmol2 2017 3 27 26.39–27.38 7.10 9.663 − 0.444 0.049 − 0.076
1718 3 27 26.39–27.38 4.66 7.519 − 0.245 0.156 0.000

qTrmmol3 2017 7 4 3.93–4.1 2.50 3.166 − 0.053 0.251 0.015

qTrmmol4 2018 3 50 49.84–50.17 2.93 4.840 − 0.185 0.182 0.038

qTrmmol5 2018 6 23 22.95–23.28 2.88 4.766 0.245 0.077 0.094

qTrmmol6 1718 2 51 50.99–51.16 2.66 4.108 0.015 0.157 − 0.127
qTrmmol7 1718 3 15 14.92–16.07 2.51 3.903 0.058 0.209 − 0.039
qTrmmol8 1718 5 86 85.74–86.07 3.06 4.710 0.179 − 0.030 0.140

qTrmmol9 1718 10 10 10.00–10.17 3.03 4.896 0.021 0.227 0.076

Ci qCi 2018 10 2 1.64–2.13 2.72 4.530 − 5.450 5.323 3.717

1718 10 2 1.64–2.13 4.39 7.438 − 3.949 4.229 3.274

Ls qLs1 2017 3 27 26.39–27.38 20.21 32.012 0.032 − 0.009 0.000

qLs2 2017 3 33 32.62–33.12 11.93 17.965 − 0.024 − 0.010 0.002

qLs3 2017 7 48 47.21–48.03 2.71 3.825 − 0.012 0.000 0.001

qLs4 2018 10 2 1.64–2.13 3.07 5.099 0.014 − 0.014 − 0.008
1718 10 2 1.64–2.13 4.46 7.555 0.010 − 0.011 − 0.007

qLs5 1718 3 31 30.98–31.64 2.77 4.738 0.002 − 0.009 − 0.007
WUE qWUE1 2017 7 65 64.92–65.08 2.89 4.401 − 0.091 − 0.005 − 0.034

qWUE2 2018 10 2 1.64–2.13 2.61 4.317 0.104 − 0.162 − 0.016
qWUE3 1718 4 34 32.63–34.1 3.48 5.949 − 0.028 0.054 − 0.111
qWUE4 1718 6 0 0.00–0.16 2.50 4.089 0.006 − 0.078 − 0.070

TD qTD1 2018 3 67 66.89–67.87 4.20 5.928 − 0.543 0.147 0.062

qTD2 2018 5 88 87.55–88.2 3.25 4.550 0.453 0.244 0.044

qTD3 2018 6 38 37.38–38.2 3.65 5.093 0.225 − 0.493 0.043

*LG ID, linkage group ID; PVE%, phenotypic variation explained; parental effects F and M are the additive effects of the female (N5) and
male parents (ZKLC1), respectively. FM indicates the dominant effect of both parents
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DNA polymorphism, heterozygosity value for goji
ranged from 0.00 to 1.00 with 0.439 as average (Zhao
et al. 2010). Thus, it was feasible to construct a genetic
map of Lycium barbarum L. based on the F1 population.

A high-density genetic map connects the traits and
genome, thereby providing a scaffold for the genome to
anchor a sequence into the chromosomes (Gong et al.
2016). For SNP markers, if the accuracy of the selection
reaches 0.86, the average interval between two adjacent
markers needs to be 0.125 cM (Solberg et al. 2008). A
low-density genetic map has low efficiency and accura-
cy in detecting QTLs (Li et al. 2014). The integrated
genetic map in the current study consisted of 23,967
markers, covering 964.03 cM with an average marker
interval distance of 0.04 cM. Comparatively, this densi-
ty is much higher than 0.16 cM, the average distance
between adjacent markers in pepper genetic map (Li
et al. 2018). The DNA contents of L. barbarum is 4.35
Pg/2C (Chen et al. 2013), and the average physical to
genetic distance ratio in goji was 2256 kb/cM. The
average amount of DNA between two adjacent markers
was 90,750 bp, quite lower than 200,000 bp, the hot spot
DNA contents described by Yunbi Xu (Xu 2010) like-
wise in other species such as the 676,000 bp and
606,000 bp in two parent map of the grape (Chen et al.
2015) and 130,000 bp in maize (Chen et al. 2014). QTL
mapping and genetic mapping analysis in grapes and
other crop species (Chen et al. 2015) provide evidence
that the current genetic map can be used for QTL map-
ping of agriculturally important traits.

Photosynthetic traits and biomass-related traits

The photosynthetic traits and water use efficiency are
the basic factors for plants to guarantee its yield and
production, especially during dry conditions. PN, Ci,
and WUE can be co-located on the same QTL as the
grain yield and yield components in wheat (Xu et al.
2017). The maximum photosynthetic rate and stomatal
conductance affect the ultimate yield (Richards 2000).
The transpiration rate has a direct link with the water-
conservation trait. Drought is a critical factor of crop
yield losses in dry areas, and there has been no report of
improving the water-conservation traits of crops to low-
er the consequences of drought on crop yield (Sinclair
2017). For the sunflower, 19 photosynthesis-related
QTLs were detected, including three PN, four Cond,
three Trmmol, and one Ci-related QTL (Herve et al.
2001). Fourteen photosynthetic traits were found in rice

including five PN, two Cond, three Trmmol, and four Ci-
related QTLs (Zhao et al. 2008). Wheat crops are grown
under water sufficient and drought environmental con-
ditions for 2 years showed that 12, 9, 14, 8, and 14QTLs
contributed to the photosynthetic traits of PN, Cond, Ci,
Trmmol, and WUE, respectively (Xu et al. 2017). The
QTLs were categorized into five different types, includ-
ing non-specific QTLs, trait-specific QTLs, stage-
specific QTLs, genotype-specific QTLs, and
environment-specific QTLs. Among these four types
of QTLs, only the non-specific has robustness in differ-
ent development stages and different environments (Liu
et al. 2008). In the current research work, a total of 32
QTLs contributed six photosynthetic traits and trunk
diameter (TD). Among these QTLs, qPN1 was detected
in three datasets, while qPN3, qPN4, qCond5, qCond6,
qTrmmol2, and qLs4 overlapped in two datasets of
detection. Thus, qPN1 can be regarded as a non-
specific QTL, while the other 17 QTLs were
environment-specific QTLs. Due to the complex effects,
the trait-specific, stage-specific, genotype-specific, and
environment-specific QTLs are changeable and can on-
ly be detected in specific environments (Liu et al. 2008).
The six photosynthetic traits and TD showed a pyramid
frequency distribution, and the parents were distributed
regularly. The result was in agreement with that found in
rice (Liu et al. 2008) and grapes (Chen et al. 2015).
Based on the correlation analysis, PN and Cond have
significant positive correlations with TD. Our results
corresponding to those from a photosynthetic study on
rice (Qu et al. 2017). It is reported that photosynthetic
traits can be mapped in the same QTLs (Xu et al. 2017),
and PN, Cond, and Trmmol can have overlapping QTLs
in rice (Zhao et al. 2008). These statements are in
agreement with our results that PN, Cond, Trmmol,
and Ls were co-located in the same QTL. The other four
QTLs contributed at least two photosynthetic traits.

Two extreme short linkage groups detected
in the consensus map

A genetic map is constructed according to the recombi-
nation frequency between markers, and recombination
occurs in synapsis during the tetrad period (Xu 2010).
Thus, the synapsis of homologous chromosomes is an
important factor to construct linkage groups in the ge-
netic map. There are 12 pairs of chromosomes in
L. barbarum (2n = 24) (Chen et al. 2013). However,
according to our results, the genetic map was
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constructed with 13 linkage groups, among which the
12th one has no marker exchange for the N5 map, while
the 13th one has also no marker exchange for the
ZKLC1 map as well. In the same context, the linkage
group size was quite short for the 12th and 13th LGwith
353 and 226 number of markers, respectively. There-
fore, the undetected recombination was the primary
reason for the extreme short genetic distances of these
two linkage groups.

The possible reasons for this result, based on the
previous reports, might be that Ningqi-5 is a male sterile
line, and the pollen development is blocked in the tetrad
period during meiosis (Li et al. 2013). In Drosophila, a
single gene is responsible for male sterility and causes
segregation distortion (Phadnis and Orr 2009). The ster-
ile mutation can also block the oogenesis or alter its
morphology (Schupbach and Wieschaus 1991). Chro-
mosome irregularity may also cause induced germinal
changes (Stadler 1931). Therefore, the segregation dis-
tortion of markers happened in one chromosome of each
parent.

Conclusion

In this study, we constructed the first high-density genetic
map of Lycium barbarum L. with an intraspecific F1
population, and 29 QTLs of photosynthetic traits were
detected from 2-year 2017–2018 measurements and their
mean data, together with three trunk diameter QTLs from
1 year 2018 data, all of them had low additive effects.
Eight QTLs, including three PN, two Cond, one Trmmol,
one Ci, and one Ls-related QTL, can be detected with at
least two datasets. qPN1 was identified as a stable QTL for
all 3 years datasets. Six photosynthetic traits also hadQTLs
that overlapped, and PN and Cond were shown to have
significant correlations with TD. We predicted that this
work has laid a solid foundation for improving the breed-
ing of goji to maximize the usage of photosynthesis with
MAS, promoting the discovery of key genes controlling
photosynthetic traits, and mapping of important agricultur-
al traits.
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