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SUMMARY

The coordination of shoots and roots is critical for plants to adapt to changing environments by fine-tuning
energy production in leaves and the availability of water and nutrients from roots. To understand the
genetic architecture of how these two organs covary during developmental ontogeny, we conducted a map-
ping experiment using Euphrates poplar (Populus euphratica), a so-called hero tree able to grow in the
desert. We geminated intraspecific F; seeds of Euphrates Poplar individually in a tube to obtain a total
of 370 seedlings, whose shoot and taproot lengths were measured repeatedly during the early stage of
growth. By fitting a growth equation, we estimated asymptotic growth, relative growth rate, the timing of
inflection point and duration of linear growth for both shoot and taproot growth. Treating these hete-
rochronic parameters as phenotypes, a univariate mapping model detected 19 heterochronic quantitative
trait loci (hQTLs), of which 15 mediate the forms of shoot growth and four mediate taproot growth. A bivari-
ate mapping model identified 11 pleiotropic hQTLs that determine the covariation of shoot and taproot
growth. Most QTLs detected reside within the region of candidate genes with various functions, thus con-
firming their roles in the biochemical processes underlying plant growth.

Keywords: growth equation, quantitative trait loci, functional mapping, Populus euphratica, shoot-root

relationship.

INTRODUCTION

Plant growth is a biological process highly affected by the
coordination of above-ground shoots and below-ground
roots that operates through energy production in leaves in
response to the availability of water and nutrients (Paul
and Foyer, 2001). By light capturing and carbon assimila-
tion, the shoots transport photosynthetic products to the
roots (Gartner, 1995), whereas the roots supply a variety of
growth substances for the shoots through water and nutri-
ent foraging (Reich, 2002). Several theories, such as the
balanced growth hypothesis (Shipley and Meziane, 2002)
or functional equilibrium hypothesis (Brouwer, 1963; Poor-
ter et al., 2012), have been proposed to interpret the phe-
nomenon of why more biomass is allocated to those
organs that are responsible for acquiring the limiting
resources. Several studies have begun to study the molec-
ular mechanisms underlying shoot-root balancing. More
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recently, Chen et al. (2016) have identified a bZIP transcrip-
tion factor ELONGATED HYPOCOTYL5 (HY5) that serves as
a shoot-root mobile signal to mediate light-regulated cou-
pling of shoot growth and C assimilation with root growth
and N uptake. However, we still know little about the over-
all genetic underpinnings that govern the interaction and
coordination of shoot and root growth in plants, especially
in forest trees.

Quantitative trait loci (QTL) mapping, aimed to map the
underlying genes to particular chromosomal locations, is a
powerful approach for drawing the overall picture of the
genetic architecture of complex traits (Lander and Botstein,
1989; Wu et al, 2007; Miles and Wayne, 2008). This
approach has been utilized to dissect growth-related traits
of shoots and roots in wheat (Bai et al., 2013), wild barley
(Naz etal, 2014), maize (Ruta etal, 2010), potato
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(Anithakumari et al., 2011; Khan et al., 2015) and Arabidop-
sis thaliana (El-Lithy et al., 2010; Bouteille et al., 2012).
Because most traits associated with growth and develop-
ment can be better described by a dynamic process (Her-
nandez, 2015; Muraya et al., 2017), it is more biologically
meaningful to map these traits as growth curves (Sun and
Wu, 2015). Several approaches have integrated growth
equations into the likelihood of genetic mapping, leading
to the birth of a so-called functional mapping model (Ma
et al., 2002; Wu and Lin, 2006; Li and Sillanpaa, 2015; Mur-
aya et al., 2017). Functional mapping allows the develop-
mental change of genetic architecture to be characterized
across time and space (He et al., 2010; Li and Wu, 2010).
By modeling the longitudinal mean-covariance structures
using a set of parsimonious parameters, functional map-
ping has proven to have great statistical power in gene
identification and the utilization of sparse phenotypic data
(Hou et al., 2005, 2006). An alternative to functional map-
ping is to map growth QTLs by estimating growth parame-
ters for each genotype based on growth equations and
associating these parameters with markers (Wu et al.,
2002). This alternative has been used to map the develop-
mental pattern of leaf size and shape in Brassica rapa
(Baker et al., 2015). All these approaches implement the
mathematical aspect of developmental principles into a
mapping setting, thereby gleaning new biological insight
and robust statistical power (Hernandez, 2015).

In this article, we report the results of the genetic archi-
tecture of the developmental dynamics of shoot-root rela-
tionships in Euphrates Poplar (Populus euphratica Oliv.).
As the only woody plant species that can grow in the harsh
desert, P. euphratica has many desirable properties for
ecophysiological studies of growth allocation, such as high
tolerance to extreme temperature, salinity, drought and
wind, and considerable variability in such tolerance (Fer-
reira et al., 2008; Si et al., 2014). Our study was based on a
full-sib family of 370 genotyped members derived from
two different trees sampled from a natural stand in north-
western China. These full-sib seeds were germinated into
seedlings in isolated tubes. Germination and seedling
establishment are crucial stages to the life cycle of plants,
which exert a profound influence on the subsequent devel-
opment (Verma et al., 2015). Different from traditional

mapping approaches based on phenotypes measured at
single time points, we used the growth parameters-based
mapping model to study the genetic architecture of the
form and pattern of above- and below-ground growth in
Euphrates poplars by measuring the growth at a series of
time points. By fitting a logistic growth equation that best
fits growth trajectories of shoot and root length for each F,
seedling, we obtained the estimates of a set of growth
parameters for all progeny and further applied these esti-
mates as phenotypes for QTL mapping.

RESULTS
Growth parameters

The growth equation (1) was found to fit the longitudinal
data of shoot length (Figure S1) and taproot lengths for
each progeny well (Figure S2). By using a non-linear least-
squares approach, we obtained the estimates of three
growth parameters and the standard errors of these
parameter estimates in each case (Table S1). Reasonably
low estimation errors, along with the independence of
model residuals from time points, show the statistical
robustness of equation fitness (Figure S3). Following Sun
et al’s developmental model, we calculated and chose
four key heterochronic parameters, asymptotic growth (a),
relative growth rate (r), the timing of inflection point (7))
and the duration of linear growth (L) as phenotypic values
to perform QTL mapping. A great variability was observed
for growth curve parameters of both phenotypic traits
(Table 1). Compared with taproot length, shoot length has
a greater rate of growth and reaches the maximum growth
rate at an earlier time. However, shoot length experiences
a shorter period of linear growth than taproot length
growth. All these indicate that different patterns of
growth have emerged for above- and below-ground com-
ponents in Euphrates Poplars during their early stage of
development.

Figure 1 illustrates the correlation pattern among four
heterochronic parameters within and between traits. It was
found that growth parameters are more strongly correlated
with each other within traits than between traits, suggest-
ing evidence of developmental modularity. The asymptotic
growth displays remarkable positive correlations with

Table 1 Averages of the estimates of heterochromic parameters (a, r, t; and L), their standard deviations and ranges for shoot length and

taproot length in the F; population of Euphrates poplars

Parameter a

f L

Mean
Shoot length (mm)
Taproot length (mm)
Range
Shoot length (mm)
Taproot length (mm)

94.926 + 2.898
487.686 + 39.240

3.042-290.594
11.575-4843.135

0.082 £ 0.001 84.565 + 0.926 33.640 £ 0.433
0.074 + 0.002 88.643 + 1.831 40.475 + 0.716
0.027-0.136 36.479-219.928 19.354-98.648

0.024-0.216 28.522-214.445 12.194-110.267
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Figure 1. Scatter plots (lower triangle) and correlations (upper triangles) among four heterochronic parameters of shoot and taproot length growth in the F,
mapping population of Populus euphratica. [Colour figure can be viewed at wileyonlinelibrary.com]

growth rate, the timing of inflection point and the duration
of linear growth for both above- and below-ground traits.
Growth rate is negatively correlated with the timing of
inflection point, suggesting that fast-growing progeny usu-
ally delay their time to reach maximum growth rate.

hQTL identification and gene ontology

The QTLs that affect heterochronic parameters are defined
as heterochronic QTLs or hQTLs (Sun et al., 2014; Jiang
et al., 2015). We first used the univariate mapping model
to analyze each heterochronic parameter for individual

traits. Of a total of 19 significant SNPs, identified as hQTLs,
after Bonferroni correction (P < 0.05), 15 are related with
shoot length parameters and four with taproot length
parameters (Table 2). It is interesting to see that the 12
hQTLs detected for the asymptotic growth of shoot length
are located on linkage group 12, of which three are tightly
linked together at a narrow interval 81.5-81.9 cM , two at
122.8 ¢cM and three at a narrow interval 209.4-212.6 cM
(Figures 2 and S4). Two hQTLs for growth rate and one
hQTL for the duration of linear growth for shoot length
were located on linkage groups 5 and 18, respectively.
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Table 2 The chromosomal positions, cross-types and heritabilities of significant QTLs detected by a univariate analysis to affect hete-
rochronic parameters of the shoot length and taproot length growth in the F; mapping population of Populus euphratica

Genetic
Linkage distances Heritability =~ Cross-
Trait Marker ID Gene ID group (cM) (%) type Allele Description
Shoot length
a

1 hk_hk_1929 105110031 12 81.49 8.21 Intercross [T/C]  Populus euphratica cation/H(+) antiporter 24
(LOC105110031), mRNA

2 nn_np_6534 12 81.5 5.77 Testcross [C/T]

3  nn_np_8676 105110064 12 81.94 6.04 Testcross [C/T]  Populus euphratica probable protein
phosphatase 2C 26 (LOC105110064),
transcript variant X4, misc_RNA

4 nn_np_6447 147815418 12 122.80 6.67 Testcross  [T/A]  Vitis vinifera contig VV78X127459.6, whole
genome shotgun sequence

5 hk_hk_1831 7472131 12 122.81 5.99 Intercross [G/C]  Populus trichocarpa nodulin family
protein (POPTR_0009s13530 g) mRNA,
complete cds

6 nn_np_3806 12 141.35 5.66 Testcross  [A/C]

7 hk_hk_1786 105141875 12 209.35 5.91 Intercross [C/G]  Populus euphratica uncharacterized
LOC105141875 (LOC105141875), mRNA

8  hk_hk_899 48209782 12 211.64 8.18 Intercross [C/A]  Populus trichocarpa clone Pop1-16J18,
complete sequence

9 hk_hk_1546 105108052 12 212.61 8.70 Intercross [C/G]  Populus euphratica uncharacterized
LOC105108052 (LOC105108052), transcript
variant X2, mRNA

10 hk_hk_1680 105108436 12 218.27 5.42 Intercross [A/C]  Populus euphratica leucine-rich repeat
receptor-like protein kinase PEPR1
(LOC105108436), mMRNA

11 hk_hk_1331 105108534 12 218.28 7.35 Intercross  [C/T]  Populus euphratica RNA pseudouridine
synthase 4, mitochondrial (LOC105108534),
transcript variant X2, mRNA

12 hk_hk_1037 12 246.75 5.92 Intercross  [C/T]

r

1 Im_ll_4882 105113529 5 4.96 5.88 Testcross [C/T]  Populus euphratica probable F-box protein
At4 922030 (LOC105113529), mRNA

2 Im_ll_6547 105108183 5 15.38 5.74 Testcross [T/G]  Populus euphratica polyadenylation and
cleavage factor homolog 4-like
(LOC105108183), mRNA

L

1 Im_11_3826 105127456 18 123.7 9.89 Testcross [T/Cl  Populus euphratica uncharacterized

LOC105127456 (LOC105127456), ncRNA
Taproot length
a

1 hk_hk_830 9 83.97 7.50 Intercross [C/T]  Solanum pennellii chromosome ch11,
complete genome

2 hk_hk_937 18102890 9 84.21 7.24 Intercross [T/C]  Populus trichocarpa hypothetical protein
(POPTR_0011s01954 g) mRNA, complete
cds

r
1 hk_hk_371 6 92.07 5.75 Intercross  [A/G]
b
1  nn_np_5611 105123565 9 135.23 5.63 Testcross [A/T]  Populus euphratica pentatricopeptide repeat-

containing protein At4 g14850/LOI1
(LOC105123565), mRNA

Gene annotations of QTLs were also given.

Linkage group 9 harbors three significant hQTLs, of which
two highly linked at a narrow interval 84.0-84.2 cM affect
the asymptotic growth of taproot length and one at a

© 2017 The Authors

different location affects the timing of inflection point for
the same trait. Only one hQTL for the growth rate of tap-
root length was detected on linkage group 6. Different sets
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Figure 2. Diagrammatic genomic positions of several significant quantitative trait loci (QTLs) detected for heterochronic parameters of shoot and taproot length

growth. [Colour figure can be viewed at wileyonlinelibrary.com]

of SNPs on heterochronic parameters of shoot length and
taproot length indicate that these two traits present differ-
ent modules during development. Each detected hQTL was
observed to explain heritabilities ranging from 5.42% to
9.89% (Table 2).

The analysis of gene annotations through GenBank, Uni-
Prot and STRING identified 15 putative homologous genes
in the genomes of P. euphratica, Populus trichocarpa, Vitis
vinifera L. and Solanum pennellii, among which eight
hQTL have retained functional annotations (Table 2). They
primarily participate in cation transportation, protein phos-
phorylation, nodule formation, RNA synthase, mMRNA mat-
uration, isoprenoid biosynthesis, plant defense, hormone
signal transduction and other biological developmental
processes (Tables 2). The remaining seven hQTL did not
give detailed information. Specifically, three of them were
not clear about the functional annotations, which could be
blasted on the genome of P. trichocarpa, V. vinifera L. and
S. pennellii; three  hQTL (hk_hk_1546, hk_hk_1786
and nn_np_3826) could code uncharacterized mRNA
and ncRNA in P. euphratica; one hQTL (hk_hk_937)
could code hypothetical protein (POPTR_0011s01954 g) in
P. trichocarpa.

For the eight hQTL that have retained functional annota-
tions, the nn_np_8676, a miscellaneous RNA (misc RNA), is
probable protein phosphatase 2C 26 (LOC105110064) in

P. euphratica. The hk_hk_1831, an mRNA, may code nodu-
lin family protein (POPTR_0009s13530 g) in P. euphratica.
The hk_hk_1929 may operate antiporter activity and solute:
proton antiporter activity as CHX24 with coding for cation/
H* antiporter, which participates in the processes of ion
transport, cation transport, potassium ion transport, trans-
membrane transport, hydrogen ion transmembrane trans-
port and the regulation of pH. The cation/H" antiporter is a
component of the endomembrane system, and integral
component of the membrane. The Im_l_6547 was pre-
dicted to be a gene of PCFS4 coding the protein of
polyadenylation and leverage factor homolog 4, which is a
component of the nucleus, cytoplasm and mRNA cleavage
factor complex. PCFS4 plays a role in several plant devel-
opmental and biochemical processes, including termina-
tion of RNA polymerase Il transcription, mRNA
polyadenylation, mRNA cleavage, mRNA processing,
flower development and positive regulation of flower
development, with the function of RNA polymerase Il core
binding, mRNA binding, and metal ion binding. The
hk_hk_1680 is a putative gene of PEPR1, which codes leu-
cine-rich repeat receptor-like protein kinase, a component
of plasma membrane, plasmodesma, membrane, and inte-
gral component of the membrane. PEPR1 plays a key role
in many plant biological processes, such as cGMP biosyn-
thetic process, protein phosphorylation, defense response,
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immune response, signal transduction, response to
wounding, response to jasmonic acid, phosphorylation
and innate immune response, with the functions of nucleo-
tide binding, peptide receptor activity, guanylate cyclase
activity, protein kinase activity, protein serine/threonine
kinase activity, protein binding, ATP binding, kinase activ-
ity and transferase activity. The Im_[l_4882 is the probable
F-box protein (At4g22030), which participates in the pro-
cess of proteasome-mediated ubiquitin-dependent protein
catabolic as a component of ubiquitin ligase complex. The
hk_hk_1331 (At3g19440) may code RNA pseudouridine syn-
thase 4 as a component of the mitochondrion. This gene
participates in pseudouridine synthesis, RNA modification
and tRNA pseudouridine synthesis, with the function of
RNA binding, pseudouridine synthase activity, isomerase
activity and deaminase activity. Interestingly, we detected
the gene of nn_np_5611, which is homologeous with the
gene LOI1 (At4 g14850), which is also a component of
the mitochondrion. LOI1 codes pentatricopeptide repeat-
containing protein, which participates in sterol metabolic
process, isopentenyl diphosphate biosynthetic process
(mevalonate pathway), isopentenyl diphosphate biosyn-
thetic process (methylerythritol 4-phosphate pathway),
root development and regulation of catalytic activity, with
the functions of nucleotide binding, RNA binding, zinc ion
binding and poly(G) binding.

We also obtained the interactive proteins and interaction
networks for At3g19440 and LOI1 in A. thaliana by the soft-
ware STRING (Figure 3; Tables S2 and S3). As the RNA
pseudourine synthase 4, At3g19440 can interact with multi-
ple genes associated with important compounds synthesis,
including TOPII, At3g23145, At4 g10320, RIBA2, and even
including a photosensitive gene T21L8.140 (Figure 3a;
Table S2). Functional enrichments results showed that
At3g19440 participates in multiple biosynthetic and meta-
bolic processes, affects activity and binding of other bio-
molecules, and plays a key role in two KEGG pathways of

Figure 3. Interaction network of At3 919440 (a) and
LOI1 (b) in Arabidopsis thaliana. [Colour figure can
be viewed at wileyonlinelibrary.com]

riboflavin metabolism and aminoacyl-tRNA biosynthesis
(Table S3). LOI1 works as a regulatory factor of isoprenoid
biosynthesis, and the result of protein—protein interactive
network showed that LOI1 could also affect other biosyn-
thesis processes, such as ATPQ for ATP synthesis,
AT5G15700 for RNA polymerization (Figure 3b). LOI1 also
interacts with MEF14 for mitochondrial editing and three
genes related to the cytochrome complex (cytochrome c),
which is capable of undergoing oxidation and reduction as
an essential component of the electron transport chain
(Table S2). LOI1 participates in a KEGG pathway of oxida-
tive phosphorylation, and is active in the mitochondrion,
organelle envelope and cytoplasm (Table S3). It should be
noted that in a few cases highly linked SNPs can each be
annotated to a different gene, presenting a possibility of
multiple co-localized QTLs for the same traits (Figures 2
and S4).

Pleiotropic effect of shoot-taproot growth

To investigate how an hQTL affects above- and below-
ground parts of juvenile Euphrates Poplars, we employed
the bivariate mapping model to analyze each pair of hete-
rochronic parameters for shoot length and taproot length.
The model detected eight hQTLs for the asymptotic growth
of these two traits (Table 3). Through hypothesis tests on
the two traits, respectively, we found that all these hQTLs
are pleiotropic, exhibiting significant effects on both shoot
length and taproot length. However, these pleiotropic
hQTLs do not exert the same magnitudes of effects on the
two traits, of which six contribute more substantially
to shoot length than taproot length (5.74-8.70% versus
0.72-7.24%), whereas the other two contribute in an
inverse pattern (1.97 versus 7.50% and 1.02 versus 1.10%).
A pleiotropic testcross hQTL for the growth rate of shoot
length and taproot length was mapped to linkage group 5,
although it explains much more variance for the former
than the latter (5.31 versus 0.01%; Table 3). It is interesting

At3g19440 LOI
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Table 3 The chromosomal positions, cross-types and heritabilities of significant QTLs detected by a bivariate analysis to affect hete-
rochronic parameters of the shoot length and taproot length growth in the F; mapping population of Populus euphratica

Genetic
Linkage distances Heritability =~ Cross-
Trait Marker ID Gene ID group (cM) (%) type Allele Description
a
1 hk_hk_1929 105110031 12 81.49 5.91 Intercross [T/C]  Populus euphratica cation/H(+) antiporter 24
0.72 (LOC105110031), mRNA
2 hk_hk_830 9 83.97 1.97 Intercross  [C/T]  Solanum pennellii chromosome ch11, complete
7.50 genome
3 hk_hk 937 18102890 9 84.21 8.21 Intercross [T/C]  Populus trichocarpa hypothetical protein
7.24 (POPTR_0011s01954 g) mRNA, complete cds
4 nn_np_6447 147815418 12 122.8 1.02 Testcross [T/A]  Vitis vinifera contig VV78X127459.6, whole
1.10 genome shotgun sequence
5 hk_hk_1786 105141875 12 209.35 8.18 Intercross [C/G]  Populus euphratica uncharacterized
1.91 LOC105141875 (LOC105141875), mRNA
6  hk_hk_899 48209782 12 211.64 8.70 Intercross [C/A]  Populus trichocarpa clone Pop1-16J18,
2.32 complete sequence
7  hk_hk_1546 105108052 12 212.61 7.35 Intercross [C/G]  Populus euphratica uncharacterized
3.26 LOC105108052 (LOC105108052), transcript
variant X2, mRNA
8  hk_hk_1331 12 218.28 5.74 Intercross [C/T]  Populus euphratica RNA pseudouridine
1.08 synthase 4, mitochondrial (LOC105108534),
transcript variant X2, mRNA
r
1 Im_ll_6547 105108183 5 15.38 5.31 Testcross [T/G]  Populus euphratica polyadenylation and
0.01 cleavage factor homolog 4-like
(LOC105108183), mRNA
L
1 Im_ll_6547 105108183 5 15.38 9.89 Testcross [T/G]  Populus euphratica polyadenylation and
0.34 cleavage factor homolog 4-like
(LOC105108183), mRNA
2 Im_II_3826 105127456 18 123.7 1.10 Testcross [T/Cl  Populus euphratica uncharacterized
1.35 LOC105127456 (LOC105127456), ncRNA

Gene annotations of QTLs were also given.

to note that, although taproot length displays a much
smaller genotype-dependent difference in growth rate than
shoot length, two genotypes at this hQTL converge to sub-
stantially more different asymptotic values for taproot
length than shoot length (Figure 4). This hQTL was also
found to pleiotropically affect the timing of inflection point
and the linear growth duration of these two traits. For both
of these heterochronic parameters, the hQTL exerts a lar-
ger genetic effect on and explains a larger proportion of
the phenotypic variance for taproot length than shoot
length (Figure 4; Table 3). Gene annotation shows this
hQTL resides in the homolog 4-like polyadenylation and
cleavage factor (LOC105108183). A second pleiotropic
hQTL for the linear growth duration of shoot length and
taproot length was found on linkage group 18, nearby an
uncharacterized LOC105127456 ncRNA-coding gene.

DISCUSSION

A long-standing question of fundamental importance to
plant ecophysiologists is how plants allocate their biomass
to different organs in order to achieve the economic use of

resources and maximum functionality and fitness (Shipley
and Meziane, 2002). The ‘balanced growth’ hypothesis
states that a plant would allocate more biomass to the
organs responsible for acquiring limiting resources
(Brouwer, 1963; Shipley and Meziane, 2002; Poorter et al.,
2012). As the only woody plant that can survive and repro-
duce in the desert, Euphrates Poplars have evolved the
capacity of developing a deep taproot even at its stage of
seed germination, and they can maintain this capacity as
trees age (Liu et al., 2015; Wang et al., 2015). This hypothe-
sis was well confirmed by our experiment of Euphrates
Poplar seedlings in which the below-ground shoot growth
was found to be strikingly larger than the above-ground
Taproot growth (Table 1). On average, the asymptotic
growth of taproot length was fourfold larger than that of
shoot length during the germination process of Euphrates
Poplar.

To quantify the genetic and developmental mechanisms
of growth allocation, we developed and applied mathemat-
ical models to dissect growth trajectories of shoot length
and taproot length, and integrated these models into a

© 2017 The Authors
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Figure 4. Growth curves of shoot and taproot lengths for two different
genotypes at the quantitative trait loci (QTL) Im_Il_6547 on linkage group 5.
The timing of inflection point and duration of linear growth are shown for
each genotype. [Colour figure can be viewed at wileyonlinelibrary.com]

mapping context for identifying specific hQTLs that medi-
ate growth allocation. From fundamental principles of bio-
physical and biochemical processes, logistic equations that
capture different stages of organ development have been
derived, which show robust biological relevance (West
et al., 2001). Sun et al. (2014) dissect logistic growth curves
into several key landmarks of development using the con-
cept of heterochrony, defined as the asymptotic growth,
relative growth rate, the timing of inflection and the dura-
tion of linear growth. This concept has been successfully
used to study the genetic architecture of leaf area and
weight growth expressed in two contrasting environments
in the common bean (Jiang et al., 2015). From the analysis
of phenotypic correlations, strong evidence has been
observed for developmental modularity of the above- ver-
sus below-ground growth (El-Lithy et al., 2010; Bai et al.,
2013). These heterochronic parameters were more tightly
correlated within than between organs, but the interrela-
tionships of these parameters are closer within the below-
than above-ground parts, showing stronger modularity for
the organ that plays a key role in resisting the adverse
environment (El-Lithy et al., 2010).

A further QTL analysis found that different sets of hQTLs
were involved in the heterochronic variation of above- and

© 2017 The Authors

below-ground growth, suggesting that these two modules
had different genetic basis. It has been recognized that the
distribution pattern of above- and below-ground biomass
growth is under strong environmental impact in forest
trees (Wullschleger et al., 2005; Rae et al., 2007; Novaes
et al., 2009). For example, the average above- to below-
ground biomass ratio in an interspecific poplar pedigree
was found to increase very rapidly with nitrogen availabil-
ity (Novaes et al., 2009). Thus, different genetic machiner-
ies of the two modules allow them to respond instantly
when the environment changes. On the other hand, by a
bivariate analysis, we also identified a couple of hQTLs
that mediate pleiotropically the pattern of above- and
below-ground growth. These pleiotropic hQTLs help
Euphrates Poplars to maintain their functional equilibrium
to better adapt to the arid environment of the dessert.
Through gene function annotation, 15 of the hQTLs
mapped were detected to reside in the candidate genes.
These genes code cation/H* antiporter (CHX24), protein
phosphatase, nodulin family protein, mitochondrial RNA
pseudouridine synthase (At3 g19440), polyadenylation and
cleavage factor homolog 4-like (PCFS4), pentatricopeptide
repeat-containing protein (LOI1, At4g14850), leucine-rich
repeat receptor-like protein kinase PEPR1 (PEPR1) and
F-box protein (At4g22030), which participate in cation
transportation, protein phosphorylation, nodule formation,
RNA synthase, mMRNA maturation, isoprenoid biosynthesis,
plant defense, hormone signal transduction and biological
developmental processes (Tables 2 and 3). PCFS4 pro-
motes flowering (Xing et al., 2008) and mediates mRNA
maturation (Zheng et al., 2011). At4g22030 codes F-box
protein, one of the three components of the SCF complex
(Stone and Callis, 2007). As the mediator for ubiquitination
protein degradation by the 26S proteasome (Vierstra,
2009), F-box protein is associated with cellular functions
such as hormone signal transduction and regulation of the
cell cycle (Craig and Tyers, 1999; Kepinski and Leyser,
2005). It also plays an important role in various biological
processes, such as circadian clock regulation (Mas et al.,
2003), self-incompatibility (Williams et al., 2014), floral
development (Levin and Meyerowitz, 1995), photomorpho-
genesis (Biiche et al., 2000; Imaizumi et al., 2005) and plant
stress response (Sijacic et al., 2004; Bu et al., 2013). PEPR1
located on linkage group 12 plays a key role in plant
defense, as a receptor gene for PEP defense peptides
(Yamaguchi et al., 2006). LOI1 and At3 g19440 participate
in the processes of isoprenoid biosynthesis (Kobayashi
et al., 2007) and RNA synthase of mitochondria, respec-
tively. Both of them are detected to interact with multiple
genes through protein-protein interactive network. These
candidate genes are essential for cation transportation,
protein phosphorylation, nodule formation, RNA synthase,
mRNA maturation, isoprenoid biosynthesis, plant defense,
hormone signal transduction and other biological
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developmental processes during the period of seedlings
growth and development.

Seedling performances at the germination stage are
one of the most important aspects for plants to better
grow and reproduce in their late stages, but our knowl-
edge about the genetic basis of how shoot growth and
root growth covary is limited. Our results highlight that
the growth pattern of above- and below-group parts in
Euphrates Poplars represent different developmental mod-
ules within which heterochronic parameters are correlated
more strongly with each other but less strongly with
those from a different module (Wagner et al, 2007).
Beyond this, our genetic mapping clearly demonstrates
relatively different machineries between above- and
below-ground growth modules, suggesting their different
capacities to evolve. Further investigations are needed to
confirm or modify our findings by QTL mapping in natu-
ral populations.

EXPERIMENTAL PROCEDURES
Mapping population

A full-sib F; population of 370 members was derived from a
cross between two dioecious P. euphratica trees, which grow
naturally in Korla, Xinjiang, China (85°14'10"-86°24'21"E,
41°10'48"—41°21'36"N). In spring 2014, male and female flowering
branches, cut from these two selected trees, respectively, were
cultivated in water for artificial hybridization. More than 4 months
after pollination, the catkins entered gradually their ripening stage,
at which the seeds were harvested and each cultivated in a glass
tube (40 mm in diameter and 400 mm in length) under a sterile
culture condition. The tube contains 350 ml 1/2 Murashige and
Skoog medium (pH 6.0) laid out in a phytotron set at 14-h-day/10-
h-night cycle, 28°C day and 22°C night with 800 pmol m~2s™"
photosynthetically active radiation.

Phenotyping

Among all seeds reared in culture tubes, 35% have germinated
and grown into seedlings, finally obtaining 370 normally growing
progeny. The first observation time was individual-dependent,
ranging from 6 to 23 days after being planted in glass tubes.
Shoot length and taproot length were measured repeatedly for
each progeny once every week until some fast-growing seedlings
fill the tubes. In total, measurements were undertaken for about
3 months, totaling 12 or 16 times. The specific measurement time
for each individual can be found in Figures S1 and S2. Because of
differences in the emerging date of seedlings among progeny as
well as the effort to reduce human measurement errors by limit-
ing the number of measuring personnel, the schedules of mea-
surement are slightly progeny-dependent. These uneven-spaced,
progeny-dependent measurement schedules do not affect our
subsequent estimates of curve parameters from a growth equa-
tion as the curve fitting was performed for individual progeny.

SNP genotyping

Leaf samples (3-5 g) of the two parents and 370 progeny were
flash-frozen in liquid nitrogen and then stored at —80°C, respec-
tively. All genomic DNA were extracted from leaves, using a DNA
extraction kit (Tiangen, Beijing) following the manufacturer’s

protocol. DNA concentration and quality were determined by
agarose gel electrophoresis and a Nanodrop 2000 spectropho-
tometer (Thermo Scientific, Wilmington, DE, USA). Restriction-site
associated DNA (RAD) library construction, sample indexing and
pooling were prepared following Baird et al. (2008). Based on a
DNA digestion experiment by using various restriction enzymes,
EcoRI was selected to cut the DNA. In total, 11 multiplexed
sequencing libraries were constructed where each DNA sample
was assigned a unique nucleotide multiplex identifier (MID) for
barcoding. Single-end (101-bp) sequencing was performed using
Illlumina HiSeq2000 in a total throughput of four lanes. Raw
sequence reads were trimmed to 85 nucleotides from the 3’ end to
5 end through quality control, ensuring more than 90% of
sequences reached Q30 (0.1% sequencing error) and more than
99% reached Q20 (1% sequencing error). Stacks (Catchen et al.,
2011) were used to produce unique candidate alleles for each RAD
locus by clustering the trimmed reads into read tags (RAD-tags).
Only one base-pair mismatch was allowed in this step. To avoid
high linkage disequilibrium in the short RAD reads, only those
with two haplotypes were retained. RAD-tags were then collapsed
into clusters using Stacks under default parameters for SNP call-
ing. RAD clusters with very high read depth (>500) were excluded
from SNP calling. We called genotypes from the 370 F1 progeny
by using a strict Bayesian method, and identified 5885 SNPs seg-
regating in the mapping population. All the procedures followed
the method used by Xu et al. (2014).

Statistical analysis

Linkage analysis. For a full-sib family derived from two
heterozygous parents, there are two segregating types of markers:
(1) testcross markers at which one parent is heterozygous while
the other is homozygous; and (2) intercross markers at which both
parents are heterozygous. Also, any marker pair of heterozygous
parents has an unknown linkage phase, which affects linkage anal-
ysis from marker data of the full-sib family. Wu and his group
have derived a statistical model that can simultaneously estimate
the recombination fraction and the linkage phase of adjacent
markers for any types of markers (testcross and intercross; Wu
et al., 2002; Lu et al., 2004). This model has packed in OneMap
software by Margarido et al. (2007), which was used to construct
the genetic linkage map for our full-sib family. The Kosambi map
function was used to convert the recombination fraction to map
length. The total length of linkage map is 4574.89 cM, with the
average map distance of 0.54 cM.

Curve fitting. This study will focus on shoot length and taproot
length as indicators of above- and below-ground growth compo-
nents, respectively. As a growth trait, shoot and root lengths can
be fitted by a growth equation. We found that the time-serial
observational data of these two traits can be fitted by a three-para-
meter growth equation, through a non-linear least-square
approach, which is expressed as

B a

T 1+ bent
where g(1) is the trait value at time t, and three parameters a, b
and r have different biological meanings: a is the limit value of g
when t—00, ris the relative growth rate, and a/(1 + b) denotes the
initial value of g when t = 0. After the three growth parameters
were estimated for each progeny, we further determined hete-
rochronic parameters, i.e. the timing of inflection point (), the
timing of maximum acceleration (t,), the timing of maximum
deceleration (t3) and the duration of linear growth (L) (Sun et al.,
2014).

g(t) (1)
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QTL mapping

For each progeny, we estimated a series of heterochronic parame-
ters using equation (1), and then treated these estimates as phe-
notypic values to perform QTL mapping. There are two statistical
approaches for QTL mapping, mixture model for sparse molecular
markers and multiplicative model for dense markers. Because the
linkage map constructed is quite dense, we employed the multi-
plicative model that assumes QTLs are located at the positions of
markers. For the same heterochronic parameter expressed in
shoot length and taproot length, the multiplicative likelihood
model is expressed as

Lgly) = [[ ). T[ 6vo) @
i=1 i=1

where @ is the unknown parameters; y; = (y1;, V) is the growth
parameter vector of progeny i for shoot length (coded by 1) and
taproot length (coded by 2); n;is the number of progeny with SNP
genotype j; and fly;) is a bivariate normal distribution for progeny
i with the expected mean vector for genotype j (i1, 1z and the
variance-covariance matrix X containing the variances (0,2, 6,
and correlation between the two traits (p). Statistical methods
based on the likelihood (2) have been established to estimate the
model parameters ® = (i), jij, 61%, 622, p).

Hypothesis tests

It is important to test whether and how a QTL affects the hete-
rochronic variation of shoot length and taproot length, and
their covariation through developmental mechanisms. The first
hypothesis is about the existence of so-called hQTLs, which
can be tested by the null hypothesis Ho: (uqj, o) ( (1, p2). By
comparing its likelihood with that of the alternative hypothesis,
we calculated the log-likelihood ratio, from which to calculate
the P-value for each marker. We used Bonferroni correction to
adjust for multiple comparisons given the number of markers
analyzed.

The second hypothesis is about the common genetic basis of
above- and below-ground traits. The same hQTL may pleiotrop-
ically affect different traits. This can be tested by building the
null hypotheses, Ho: w1 and Ho: poj— pp. If both are
rejected, then this means that the hQTL triggers a pleiotropic
effect on both traits (Jiang and Zeng, 1995; Neto et al., 2008).
Otherwise, the hQTL is trait-specific; i.e. its expression depends
on the trait.

All the data analyses including curve fitting, QTL mapping and
correlations analysis were performed in R version 3.3.1 (R Core
Team, 2015). Possible functions for all hQTLs determined were
annotated and predicted via BLAST in the ‘nr' database on
National Center of Biotechnology Information website (NCBI;
http://blast.ncbi.nlm.nih.gov/), identified on Uniprot (http://www.
uniprot.org/), and analyzed for protein-protein interaction network
using online protein interactions analysis software STRING (http:/
string-db.org/).
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