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Abstract

Background The growth of alfalfa (Medicago sativa L) is significantly hampered by drought and nutrient deficiencies.
The identification of root architectural and anatomical characteristics holds paramount importance for the
development of alfalfa genotypes with enhanced adaptation to adverse environmental conditions. In this study, we
employed a visual rhizobox system to investigate the variability in root system architecture (including root depth, root
length, root tips number, etc.), anatomical features (such as cortical traits, total stele area, number and area of vessel,
etc.), as well as nitrogen and phosphorus uptake across 53 alfalfa genotypes during the seedling stage.

Results Out of the 42 traits measured, 21 root traits, along with nitrogen (N) and phosphorus (P) uptake, displayed
higher coefficients of variation (CVs >0.25) among the tested genotypes. Local root morphological and anatomical
traits exhibited more significant variation than global root traits. Twenty-three traits with CVs>0.25 constituted to six
principal components (eigenvalues > 1), collectively accounting for 88.0% of the overall genotypic variation. Traits
such as total root length, number of root tips, maximal root depth, and others exhibited positive correlations with
shoot dry mass and root dry mass. Additionally, total stele area and xylem vessel area showed positive correlations
with N and P uptake.

Conclusions These root traits, which have demonstrated associations with biomass and nutrient uptake, may be
considered for the breeding of alfalfa genotypes that possess efficient resource absorption and increased adaptability
to abiotic stress, following validation during the entire growth period in the field.
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and adaptability [4]. Selecting crop genotypes with desir-
able root systems is essential to improve the absorption
capacity of soil resources and the adaptability to environ-
mental stresses [5].

Root system architecture (RSA) refers to the shape
(mainly including morphology and topological structure)
and spatial distribution of the root system in the growth
medium [6]. Altering RSA is a key adaptation strategy for
crops to cope with edaphic stresses such as drought and
nutrient deficiency [7]. Among root morphological traits,
total root length is an important trait closely related to
root mass, root depth and absorptive capacity and also
reflects the size of the root system [8—10]. The large root
system can promote soil resource uptake and leaf devel-
opment [11, 12]. Under drought stress, maize increases
its rooting depth to enhance the absorption of water from
deep soil [13]. Higher volume, width and number of roots
are key traits for alfalfa to acquire water efficiently under
water-limited conditions [14]. Two alfalfa genotypes,
Arkaxiya and Longzhong, show an increase in specific
root length in response to phosphorus deficiency [15].
Higher specific root length increases the extent of root-
soil exploration that contributes to phosphorus acqui-
sition under phosphorus-limited conditions [16]. Few
studies on the root morphology of alfalfa mainly used
static and destructive sampling methods, which makes
it hard to reflect the real situation of root structure and
growth characteristics [14, 17, 18].

Root foraging ability is not only influenced by mor-
phology but also closely related to anatomical charac-
teristics [5]. Root anatomy is the key factor affecting
the lateral and vertical transport of water and nutrients
within the root system [19, 20]. Fewer cortical cell files
reduce the radial transport resistance of nutrients in the
root system and improve water capture by reducing the
metabolic costs of soil exploration under drought condi-
tions [19, 21]. Changes in the internal structure of roots,
such as increasing cortex-to-stele ratio make a better
balance between the absorption and transportation of
nutrients [22]. Stele diameter and stele diameter to root
diameter ratio of absorptive roots are positively corre-
lated with hydraulic conductance and water transpiration
in plants [23]. Previous studies have mainly focused on
morphologic or anatomic traits in alfalfa root research
[17, 24]. Therefore, integrating root anatomical and mor-
phological traits would be beneficial for enhancing the
understanding of root strategies to cope with abiotic
stresses and breeding alfalfa genotypes with efficient root
systems.

The opacity and complexity of the root growth envi-
ronment make it challenging to monitor and sample the
root. As a result, the research progress of the root system
lags far behind that of the aboveground [14]. Rhizobox is
an efficient method for dynamically (non-invasive in situ)
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monitoring root growth through a transparent plate [25].
It can make up for the deficiency of destructive sampling
of the root system and obtain complete RSA [26]. Root
traits of plants have extensive phenotypic and genetic
diversity [27]. But the diversity of alfalfa root traits has
been poorly investigated and root morphology and
anatomy are rarely combined when dissecting the role
of roots in alfalfa adaptation [17, 28]. This study inves-
tigated the variability in root morphological and ana-
tomical traits among 53 alfalfa genotypes at the seedling
stage using the rhizobox technique [19, 28]. We aimed
to characterize the variations in root morphological and
anatomical traits and reveal the relationship between key
root traits and nutrient uptake as well as plant growth.
The results may help advance the breeding process of
alfalfa based on root traits and provide insight into the
role of key root traits in nutrient uptake and growth of
alfalfa.

Results
Variation in global traits
Among the global traits, the CVs of nitrogen uptake,
phosphorus uptake, total root length and root tips num-
ber were 20.25 (Table 1). Total root length ranged from
116 to 371 cm, with an average of 217 cm. The larg-
est genotype had a total root length that was 3.20-fold
times greater than the smallest genotype. Twelve geno-
types (LT, DY, YS, BJX, PL, KS, B416, DYH, WL354, Z2,
Z1 and L801) had large root systems, and 36 genotypes
had medium root systems, and 5 genotypes (XB, B218,
WL168, MF and LB) had small root systems (Fig. 1).
The Chinese breeding line LM801 had the longest total
root length and the highest root dry mass among all
alfalfa genotypes. Nitrogen uptake, phosphorus uptake,
root angle, maximal root depth, root width and branch
intensity were significantly different among the tested
genotypes (P<0.05). There was no significant difference
in nitrogen and phosphorus uptake among the three
root system size groups (Fig. 2). The CVs of three shoot
traits, including trefoil number, shoot height and shoot
dry mass were all <0.25, and there was no significant
difference among tested genotypes. Shoot dry mass and
root dry mass of genotypes with large root systems were
higher than those of genotypes with medium root sys-
tems followed by genotypes with small root systems.
There were significant differences in root spatial distri-
bution (root angle, maximal root depth and root width)
among tested alfalfa genotypes (P<0.05). Root angles
ranged from 106° to 168°, with an average of 140°. Root
width ranged from 8.47 to 21.2 c¢cm, with an average of
17.0 cm. And the maximal root depth ranged from 20.2 to
51.8 cm, with an average of 39.1 cm. There were 29 alfalfa
genotypes with a maximum root depth of more than
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Table 1 Descriptive statistics of 42 measured traits (21 global traits,
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14 local traits and 7 root anatomical traits) of 53 alfalfa genotypes

Traits Minimum Maximum Mean Median sD cv Pvalue
Global traits

N 3.00 6.33 428 433 0.64 0.15 0.202
SH 597 12.7 8.77 8.50 1.58 0.18 0.099
NU 1.93 9.77 551 5.14 1.89 0.34 0.000
PU 0.22 1.23 0.68 0.70 0.22 0.33 0.000
SODM 15.8 50.7 2838 28.1 6.84 0.24 0.571
RDM 9.00 252 155 154 3.65 0.24 0.276
TDM 25.1 75.9 444 452 993 0.22 0495
RA 106 168 140 141 13.0 0.09 0.020
MRD 20.2 51.8 39.1 40.5 7.60 0.19 0.007
RW 847 21.2 17.0 17.2 292 0.17 0.037
RD 0.29 0.36 0.33 033 0.02 0.05 0.264
RL 116 371 217 208 57.0 0.26 0.073
RSA 128 353 21.1 209 5.09 0.24 0.131
RV 0.10 0.27 0.16 0.17 0.04 0.23 0.231
RTN 343 108 70.1 70.7 189 0.27 0.281
SRL 8.54 19.5 14.4 143 1.86 0.13 0.559
SRA 0.89 1.95 1.40 140 0.16 0.11 0.747
RSM 041 1.23 0.56 0.55 0.12 022 0.151
RTD 776 240 96.9 94.1 224 0.23 0.450
RLI 343 8.60 583 575 1.30 0.22 0.836
BI 0.21 0.51 033 031 0.06 0.19 0.010
Local traits

RL-thin 253 157 776 735 304 0.39 0.015
RL-thick 719 2143 140 144 328 023 0.204
RTN-20 22.7 72.7 49.6 50.7 13.7 0.28 0.773
RTN-40 3.00 27.0 16.2 15.7 6.65 0.41 0.271
RTN-60 0.00 17.3 432 3.00 441 1.02 0.021
RL-20 98.2 302 176 173 46.5 0.26 0373
RL-40 6.75 69.9 320 29.8 132 0.41 0.107
RL-60 0.00 378 9.16 737 9.16 1.00 0.035
RA-20 8.92 285 16.8 16.7 4.21 0.25 0466
RA-40 0.86 6.84 3.31 324 1.22 0.37 0.160
RA-60 0.00 3.29 0.95 0.84 0.87 0.92 0.011
RV-20 0.06 0.21 0.13 0.13 003 0.25 0.531
RV-40 0.01 0.05 0.03 0.03 0.01 0.34 0.249
RV-60 0.00 0.03 0.01 0.01 0.01 0.86 0.003
Anatomical traits

TCA 011 0.58 0.31 0.30 0.14 0.44 0.000
CCF 417 220 10.7 8.17 5.27 0.49 0.000
ccs 109 3197 632 454 614 0.97 0.000
CCcC 139 2959 1075 584 907 0.84 0.000
TSA 0.05 047 0.23 0.23 0.10 0.42 0.000
VN 13.2 44.5 273 28.2 6.53 0.24 0.000
XVA 0.01 0.07 003 0.03 0.01 0.44 0.000

Twenty-three of 42 Traits with coefficients of variation (CVs)>0.25 appear in bold type. Probability values were based on a GLM multivariate analysis of 53 alfalfa

genotypes and appear in bold if<0.05

40.0 cm. The introduced cultivars WL354 and QTZ had
the maximum and minimum root depth, respectively.

Variation in local traits
The local root traits had a larger variation than the global
root traits (Table 1). The CVs of all local root traits were

greater than 0.25, except for root length in diameter-
thick (diameter class>0.25 mm), which was 0.23. There
were significant differences among the tested genotypes
in root length in diameter-thin, root tips number-60, root
length-60, root area-60 and root volume-60 (P<0.05).
The average root diameter of all genotypes was 0.33 mm.
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Fig. 1 Variation in root length for three groups of alfalfa genotypes presented by root system size. Data were plotted from the lowest to the highest total
root length values. Root length-60, root length in 40-60 cm layer; Root length-40, root length in 20-40 cm layer; Root length-20, root length in 0-20 cm
layer. The genotypes were classified into small, medium or large root systems according to their total root length per plant. The median value of root
length (208.48 cm plant-1) + standard deviation (57.04 cm plant-1) was used to define the interval for the medium-sized group, and the upper and lower
boundaries of the medium interval were constructed by adding to, or subtracting from the median point

The average root length in diameter-thin (diameter
class<0.25 mm) and root length in diameter-thick of all
genotypes accounted for 35.7% and 64.3% of the total
root length, respectively. On average, the distribution of
root tips number, root length, root area and root volume
decreased with the increasing soil depth. About 79.0%,
16.0% and 5.00% of the root length across all genotypes
were distributed in the 0-20 cm, 20-40 cm and below
the 40 cm soil layer, respectively. Genotypes with large
root systems had the maximum root tips number, root
length, root area and root volume followed by medium
and small root systems in each soil layer (Fig. 3). The dif-
ferences in root distribution among genotypes with dif-
ferent root system sizes were mainly reflected in the soil
layer below 20 cm.

Variation in anatomical traits

Except for vessel number, the CVs of other anatomical
traits were all higher than 0.25 (Table 1). A significant dif-
ference was detected in all tested root anatomical traits
across genotypes (P<0.001). Root anatomical features
of genotypes DYH and BJX (large root systems), LD and
CY3 (medium root systems), and LB and XB (small root
systems) were shown in Fig. 4. Cortical cell count of the
large root systems was higher than that of the small root
systems (Fig. 5). But xylem vessel area of the small root
systems was higher than that of the medium and large
root systems.

Correlation among traits

Among 42 measured traits, 4 global traits, 13 local traits
and 6 anatomical traits with larger coefficients of varia-
tion (CVs>0.25, Table 1) were used for Pearson’s corre-
lation analysis. Nitrogen uptake, and phosphorus uptake
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Fig. 2 Nitrogen uptake (A), phosphorus uptake (B), shoot dry mass (C) and root dry mass (D) for three groups of alfalfa genotypes presented by root
system size. Different letters indicate significant differences among the three root system size groups (P < 0.05)

both showed a positive correlation with total cortical
area, total stele area and xylem vessel area (Table S1).
Total root length and root tips number exhibited a posi-
tive correlation and these two traits were positively corre-
lated with all local root traits (P<0.01). Most local traits
had significant correlations with each other (P<0.05),
such as root length in diameter-thin and root tips num-
ber-40 were positively correlated with all local traits
(P<0.01).

Root tips number-20 was positively correlated with
total stele area, and negatively correlated with total
cortical area, cortical cell files and cortical cell count
(P<0.05). Root length-40 and root area-40 were both
positively correlated with cortical cell files and cortical
cell count (P<0.05). Root volume-40 was positively cor-
related with cortical cell count (P<0.05). The rest of the
anatomical traits showed no significant correlation with
global and local traits. But most anatomical traits were
correlated with each other (P<0.01).

Moreover, total root length, root length in diameter-
thin, root length in each section, root tips number, root
tips number in each section and maximal root depth
were all positively correlated with shoot dry mass and
root dry mass (P<0.05; Fig. 6). Total stele area and xylem
vessel area were both positively correlated with phospho-
rus uptake and nitrogen uptake (P<0.05; Fig. 7).

Determination of trait variation

Principal component analysis (PCA) was performed for
the 23 selected traits with CVs>0.25 (Table 2). Six prin-
cipal components (PCs) were identified with eigenval-
ues>1, capturing 88.0% of the total variation in these
traits across the tested genotypes. PC1 and PC2 repre-
sented 52.9% of the variability and consisted of all root
morphological traits. PC3 represented 12.9% of the vari-
ability and consisted of all the cortical traits, such as total
cortical area, cortical cell files, cortical cell size and corti-
cal cell count. PC4 accounted for 10.7% of the variability



Pan et al. BMC Plant Biology (2023) 23:449

Root tips number in each 20 cm depth (number)
70

25

0 10 20 30 40 50 60
A
0-20 1 a a a
e
2
= 20-401 byrrarra
&
A
Large root system
40-60 Thab 2 Medium root system
Small root system
Root area in each 20 cm depth (cm?)
0 5 10 15 20
C b ab a
0-201
E
2
= 20'40' Y a
a
o
A
40-604 /a
0-60 vh

Page 6 of 17

Root length in each 20 cm depth (cm)

0 50 100 150 200 250
B
0-20. b ab a
20-401 ¢ a
40-60-bb a

Root volume in each 20 cm depth (cm®)

0.00 0.05 0.10 0.15 0.20
D
020 b ab a
20-401 brarra
40-60-Cb a

Fig. 3 Root tips number (A), root length (B), root area (C) and root volume (D) distribution in 20 cm increments for three groups of alfalfa genotypes
presented by root system size. Different letters indicate significant differences among the three root system size groups (P < 0.05)

and consisted of nitrogen uptake, phosphorus uptake,
total stele area and xylem vessel area.

Besides, principal component analysis was also per-
formed for genotypes with large root systems, medium
root systems and small root systems, respectively. And
23 traits with CVs2>0.25 in PC1 and PC2 were shown
in Fig. 8. Genotypes with three types of root system size
showed a clear separation. Except for total cortical area,
cortical cell files, cortical cell count and xylem vessel
area, all other traits had positive contributions to large
and small root system size. Except for cortical cell files,
all other traits had positive contributions to medium
root system size. Among the 23 selected traits, total root
length, root tips number, root length in diameter-thin,
root length-20, root length-60, root area-60, root vol-
ume-60 and root tips number-60 contributed the most to
the size of the large root system. Total root length, root
tips number, root length-60 and root area-60 contributed
the most to the size of medium and small root systems.
Additionally, root volume-60 contributed greatly to the
size of the small root system.

Genotype distribution based on root trait variation

Based on the composite score of PCA, 12 genotypes
with large root systems, 36 genotypes with medium root
systems, and 5 genotypes with small root systems were
ranked from the least to the most, respectively (Fig. S1).
The average composite score of large root system was
significantly higher than that of the medium root system
and small root system.

The dendrogram of agglomerative hierarchical cluster-
ing (AHC) separated the 53 genotypes into five major
groups at a rescaled distance of 15 using the average
linkage method with squared Euclidean distance as the
interval measurement on the same set of 23 traits with
CVs20.25 (Fig. S2). This revealed variation in the degree
of homogeneity among genotypes tested. Groups 1 to
5 had 27, 11, 6, 5 and 4 genotypes, respectively. Geno-
types with large root systems were distributed in groups
1, 4 and 5, genotypes with medium root systems were
distributed in groups 1, 2, 3 and 4, and genotypes with
small root systems distributed in groups 1, 2 and 3. This
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Fig. 4 Variation in anatomical features of large root systems (genotypes DYH and BJX), medium root systems (genotypes LD and CY3) and small root

systems (genotypes LB and XB). Bar =100 um

suggests that genotypes with the same root system were
not always clustered in the same or closer groups.

Fifty-three genotypes were arranged in 5 groups deter-
mined by AHC and ranked according to the composite
score in each group (Fig. S3). Ten genotypes with the
highest composite score in each group presented by root
system size (genotypes BJX, JG, LB, G3, B218, MTW, ME,
Z2, AH and PL) were selected for further study. The root
traits of 10 alfalfa genotypes selected were significantly
different, and the ranking of 23 traits (CVs>0.25) of each
genotype was significantly different among 53 geno-
types (Table S2). For example, BJX and MF had obvious
differences in the ranking of all traits. JG and LB had a
similar total cortical area (ranked 26th and 30th, respec-
tively), cortical cell size (ranked 8th and 6th, respectively)
and xylem vessel area (ranked 8th and 2th, respectively),
but there were significant differences in other root traits
between them.

Discussion

Variations among root traits and its implications for alfalfa
breeding

Selection for root traits as a vital strategy of breeding has
received more and more attention [5, 29]. Among the 36
root traits we measured, 2 global root traits, 13 local root
traits and 6 root anatomical traits exhibited larger varia-
tion among tested genotypes (CVs>0.25). The magnitude
of variation in local root traits and root anatomical traits
was higher than that of global root traits, which was con-
sistent with the research results in maize roots [30] and
wheat roots [31]. Variations in root anatomical traits can

affect the acquisition efficiency of water and nutrients
[32-34]. Therefore, we should pay more attention to the
differences in local morphological traits and anatomical
traits in the root research of alfalfa.

RSA and root anatomy at the seedling stage are highly
correlated with crop yield [28, 35]. Higher number of
adventitious roots and taproot length in common bean
seedlings contributed to water and nutrient uptake, lead-
ing to a significant positive correlation with yield [36].
Increasing the number and area of vessels in maize seed-
lings improved root hydraulic conductivity and yield
under drought condition [35]. In the present study, sig-
nificant differences were detected in root angle, maximal
root depth, root width, branch intensity, root length in
diameter-thin, root tips number-60, root length-60, root
area-60, root volume-60 and all the tested root anatomi-
cal traits among the tested genotypes. The above traits
with significant differences may be the key factors influ-
encing root absorptive capacity and plant growth at the
seedling stage.

Plant breeding based on root traits has lagged behind
that based on aboveground traits because the roots of
plants are difficult to measure [37]. Besides, the char-
acteristics of alfalfa such as heterogeneous pollination,
polyploid inheritance and self-incompatibility have hin-
dered the molecular breeding of alfalfa [38]. Through
comprehensive multiple analysis, 10 genotypes with dif-
ferent root traits were selected in this study. Some stud-
ies have shown the special advantages of the individual
alfalfa genotype selected here. The genotype B218 with
a small root system is sensitive to autotoxicity [39].
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Autotoxicity can inhibit root growth during the seed-
ling stage, which may lead to differences in root size [40].
Genotype AH with a medium root system had strong
drought tolerance by increasing root branching to absorb
more water [41]. These selected genotypes could be used
for studying their adaptive mechanism under abiotic

stresses and provide a reference for the selection of can-
didate parents.

Contribution of individual root traits to resource
absorption

The 44 root-related traits measured in this study reflected
alfalfa root growth (such as total root length and root tips
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number), root distribution (such as maximal root depth,
root width and root angle) and root internal structure
(such as total cortical area, total stele area and vessel
number). Root system size (root length and root mass)
is one of the important factors for plants to exploit soil
resources [8, 42]. Large root systems can uptake more
nitrogen and water contributing to plant growth and
competitiveness than small root systems in early growth
stages [43]. While, under high planting density, oversized

root systems may intensify intraspecific competition and
result in yield reduction [44]. Root biomass and root
length of modern wheat varieties are smaller than those
of past varieties, but the yield is increased [45]. Therefore,
a large root system is not always a beneficial trait. Under
different soil conditions, the optimal root system is differ-
ent [21]. In this study, there was no significant difference
in nitrogen and phosphorus uptake among genotypes
with three root system sizes. Therefore, a larger root
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Table 2 Principal component (PC) analysis of 23 selected traits with CVs>0.25 and the proportion of variation in each principal

component

Trait PC1 PC2 PC3 PC4 PC5 PC6
NU 0.06 -0.06 046 0.72 0.19 042
PU -0.04 -0.09 047 0.70 0.13 -047
RL 0.91 -0.33 0.09 -0.09 0.08 -005
RTN 0.83 -0.37 0.06 -0.01 0.01 0.13
RL-thin 0.82 -0.19 0.12 -0.03 0.09 -0.12
RTN-20 0.59 -0.68 0.07 -0.09 0.12 0.09
RTN-40 0.64 017 0.19 0.14 -048 0.14
RTN-60 0.57 0.56 -0.32 0.07 037 0.03
RL-20 0.74 -0.61 0.14 -0.16 0.12 -005
RL-40 0.74 045 0.10 0.16 -0.37 -002
RL-60 0.56 0.63 -0.35 0.06 0.36 001
RA-20 0.71 -0.63 0.11 -0.18 0.13 002
RA-40 0.74 045 0.09 0.16 -0.44 -001
RA-60 0.58 0.64 -0.35 0.07 035 0.00
RV-20 0.65 -0.63 0.08 -0.20 0.12 0.02
RV-40 0.70 043 0.08 0.16 -0.48 0.01
RV-60 0.57 0.63 -0.34 0.08 032 0.01
TCA -0.05 0.36 0.78 -0.07 0.19 0.35
CCF 0.00 048 0.76 -0.36 0.15 0.07
Ccs 0.08 -0.28 -0.32 0.29 -0.25 0.14
CCcC 0.03 0.45 0.79 -0.31 0.11 0.07
TSA -0.02 -0.31 -0.02 0.64 0.13 044
XVA -0.10 -0.16 0.18 0.71 0.18 0.50
Eigenvalue 734 482 2.96 247 1.59 1.05
Contributive ratio (%) 319 209 129 10.7 6.91 458
Cumulative contributive ratio (%) 319 529 65.7 76.5 834 88.0

For each trait, the largest absolutely variable loading score crossing the six components appears in bold. Principal components with eigenvalues>1 are presented

and considered significant

system did not guarantee greater nutrient absorption in
alfalfa seedlings. Nutrient uptake is also influenced by
arbuscular mycorrhizal and root exudations [46, 47].

The distribution of the root system in the soil is closely
related to its absorption strategy [5]. Deep-rooting
improves drought tolerance, nitrogen accumulation and
harvest index of rice during grain filling [48]. Our data
showed that maximal root depth was positively corre-
lated with root biomass and shoot biomass, suggesting
that deep-rooting can help alfalfa to improve its growth
at the seedling stage. Steeper root growth angles can
expedite the development of deeper roots, which aids
in the efficient utilization of resources located in deeper
soil layers, especially nitrogen and water [4]. While shal-
low root angles play a crucial role in foraging capacity of
plants in the topsoil layer, especially in the absorption of
phosphorus [49, 50]. Genotypes with different root maxi-
mal depth and root angle can be used for further stud-
ies about drought and nutrient stress. Root length and
number of root tips are important parameters for evalu-
ating water and nutrient uptake capacity [51, 52]. In this
study, root length and number of root tips in different
soil layers were positively correlated with root and shoot

biomass. Longer root length increases the root-soil con-
tact area, facilitating the uptake of nitrogen, phosphorus,
and kalium in wheat [10]. More root tips help to capture
nitrogen and water in citrus rootstocks [53]. Therefore, a
higher number of root tips and root length of the geno-
types with large root systems contribute more to shoot
dry mass accumulation than the genotypes with small
root systems. But root length and number of root tips in
different soil layers did not exhibit significant correlation
with nitrogen and phosphorus uptake, probably because
nitrogen and phosphorus uptake are also influenced by
factors such as root anatomical characteristics [4]. Mean-
while, the experiment was conducted at the seedling
stage and the rhizobox limited the lateral growth of the
root system. The relationship between these root traits
and nutrient uptake needs to be verified in the field.

The performance of root anatomy is important for the
acquisition and transportation of nutrients and water
within the plant, and the costs and benefits associated
with root growth [54]. In this study, all the anatomical
traits measured exhibited evident variations across the
tested genotypes. Variations in these traits have notable
effects on the acquisition efficiency of nutrient and water
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Fig. 8 Principal component analysis of 23 selected traits with CVs>0.25 for three groups of alfalfa genotypes presented by root system size



Pan et al. BMC Plant Biology (2023) 23:449

[5]. Larger vessel diameter contributes to higher root
axial hydraulic conductance in peach rootstocks [55]. The
larger stele diameter can enhance the capacity of crops
to penetrate the soil and improve phosphorus uptake to
better adapt to drought stress [19]. In this study, total
stele area and xylem vessel area were both positively cor-
related with nitrogen and phosphorus uptake, indicating
that larger total stele area and xylem vessel area could
improve nitrogen and phosphorus uptake by reducing
axial transport resistance in alfalfa at the seedling stage.
Genotypes with three root system size groups showed
differences in xylem vessel area reflecting the differences
in water transportation. Alfalfa genotypes with small root
systems had larger xylem vessel area, enabling them to
improve axial transport of water better adapt to environ-
mental stresses at the seedling stage.

RSA and anatomy are closely linked because root
anatomy has important implications for root architec-
ture and metabolic cost [56]. Root metabolic cost affects
RSA directly by altering the number and length of roots,
and indirectly by affecting access resources from soil [4].
In this study, only root tips number-20, root length-40,
root area-40 and root volume-40 correlated with ana-
tomic traits. In addition, anatomic and morphologic
traits showed separation in principal component analy-
sis. An integrated understanding of both morphologic
and anatomic characters is necessary to better realize the
adaptive mechanisms of the alfalfa root system in future
studies.

Conclusions

Larger variations were observed in 21 root morphologi-
cal and anatomical characteristics among the 53 tested
alfalfa genotypes. The extent of variability was more pro-
nounced for local root traits and root anatomical features
when compared to global root traits. Alfalfa genotypes
with distinct root system sizes exhibited differences in
root distribution and xylem vessel area, which could
potentially influence the absorption and transportation
of resources in alfalfa seedling roots. Total root length,
root length in diameter thin, root tips number, root
length and root tips number in different soil layers, as
well as maximal root depth showed positive correlations
with shoot and root dry mass. Additionally, total stele
area and xylem vessel area displayed strong correlations
with nitrogen and phosphorus uptake. These valuable
root traits, associated with biomass and nutrient absorp-
tion, could be integrated into marker-assisted selec-
tion strategies for breeding improved alfalfa genotypes
with enhanced resource absorption and overall plant
growth. In future studies, the integration of root mor-
phology, anatomy and molecular biology will be essen-
tial to advance our understanding of the root adaptation
mechanism in alfalfa and to facilitate the development of
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new alfalfa cultivars with improved resource uptake and
adaptability to various environments.

Methods

Plant material

A collection of 53 genotypes of alfalfa (Medicago sativa
L.) was used in this study, including 12 genotypes from
China (9 breeding lines and 3 native cultivars) and 41
genotypes from other countries (Table S1). These geno-
types were widely grown in China, Canada, Australia,
America and Europe, and could effectively represent the
genetic diversity of alfalfa. The seeds of the 41 introduced
genotypes were obtained from Barenbrug International
Grass Industry Co., Ltd (Tianjin, China). The seeds of the
12 Chinese genotypes were obtained from Inner Mongo-
lia Agricultural University, Gansu Grassland Ecology and
Xinjiang Agricultural University.

Growth conditions

Rhizoboxes (30x2x60 cm, length X internal width x
depth) were used in this experiment (Fig. 9a and b). Each
rhizobox contained a transparent polycarbonate (PC)
board on one side and a white polyvinyl chloride (PVC)
foam board on the other side. A black nylon cloth of the
same size was attached to the PC board. The bottom of
the rhizobox was wrapped with gauze to prevent quartz
sand from leaking out. We used 41 mm long tail clips to
fix the nylon cloth, bottom, PVC and PC board together.
The PC board was covered with tin foil to avoid light
exposure to the roots. After the rhizoboxes were assem-
bled, 4 kg of washed quartz sand with a diameter of about
2 mm was filled between the black nylon cloth and the
PVC board in each rhizobox. The rhizoboxes were placed
vertically by tripod in a plastic box filled with 6 L of Hoa-
gland nutrient solution.

The healthy alfalfa seeds of uniform size were disin-
fected and rinsed [57], and then sown about 2 cm from
the soil surface in the rhizoboxes. The seeds were sown
between black nylon cloth and PC board. Each rhizobox
retained one plant, and each replicate retained plants
with similar sizes. Three biological replicates were estab-
lished for each genotype, and they were planted in three
different rhizoboxes. Ten rhizoboxes were placed in each
plastic box, and a total of 159 rhizoboxes were placed in
16 plastic boxes. Six plastic boxes were arranged in a row
for a total of 3 columns. Rhizoboxes in the same column
were moved longitudinally once a week, and the posi-
tions of different columns were exchanged to reduce the
influence of environmental factors on plant growth.

The experiment was conducted in a climate chamber
(the day/night temperature was 25°C/20°C, the humidity
was 65%, the lighting time was from 7:00 to 19:00, and
the lighting intensity was 800 umol m~2 s™!) at North-
west A&F University, Yangling (34°16’ N, 108°4” E) in
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Root width

Fig. 9 Alfalfa plants grown in rhizoboxes, 45 days after sowing (A, B) and an example of root system of genotype B218 (C). Measurements of root angle

and root width were indicated. Bar =5 cm

June 17 to July 31, 2020. Rhizoboxes were rinsed with
ultrapure water every 7 days to prevent salt accumula-
tion in the sand culture and then freshly nutrient solution
was poured into the plastic box. The Hoagland nutrient
solution was consisted of (mmol L™1) N (4.00), K (1.50),
Ca (1.00), P (0.50), S (0.50), Mg (0.50), Cu (3.96x10™%),
Zn (9.56x10™%), Mn (1.14x1072%), Cl (2.28x1072), B
(5.78%x107%), Mo (2.62x10™*) and Fe (6.72x107?). The
pH of the nutrient solution was 5.8.

Sampling and measurements

Plants were harvested after 45 days when the first plant
reached the bottom of the rhizobox. Simultaneously,
approximately one-fifth of the plants had their root sys-
tems reaching the bottom of the rhizoboxes. At harvest,
the number of trefoil leaves and shoot height were mea-
sured. Then, shoots were cut from the roots and dried in
an air-forced oven at 75 °C for 72 h to determine shoot
dry mass.

Root angle was measured with a digital angle ruler [29,
30], maximal root depth and root width were measured
with a ruler (Fig. 9c). And the number of root tips per
20 cm soil layer was counted manually. Root systems were
photographed with a camera at a fixed height (Fig. 9c).
The above root measurements and photography were
taken while the root systems were still in the rhizoboxes.
After photographing, root subsamples were collected
by cutting the root system into 20-cm sections starting
from the base. Root samples were cleaned with deion-
ized water and separated without overlapping in a special
root tray. Root subsamples were scanned in greyscale at
300 dpi using a desktop scanner (Epson Perfection, V800,

Long Beach, CA, USA). The images were analyzed using
WinRHIZO Pro (v2009, Regent Instruments, Montreal,
QC, Canada) to obtain root morphological characteris-
tics including root length, root area, root volume, aver-
age root diameter and root length in two diameter classes
[30]. It is recognized that root diameter less than 0.2 mm
are fine roots in herbaceous plants [58]. Here, roots with
diameter<0.25 mm were classified as thin roots, while
roots with diameter>0.25 mm were classified as thick
roots.

After scanning, a 1 cm long segment of root was cut
at 5 cm from the taproot tip, then preserved in formal-
dehyde-acetic acid-ethanol fixative (75% ethanol, glacial
acetic acid, 40% formaldehyde) and stored at 4 °C until
further analysis [19, 23]. The segments were embedded
in paraffin individually after dehydration by immersion in
a sequence of alcohol solutions. The roots were then cut
into sections with a thickness of 5 um using LEICA auto-
matic microtome. The slices were fully baked and stained
with toluidine blue. Slices were viewed under Mot-
icBA410 optical microscope at 4 X magnification with an
additional 0.65 x adapter, then photographed and saved
using Motic Images Advanced 3.2 software. ROOTSCAN
2.4 software was used to analyze the pictures to obtain
the corresponding root anatomical traits data including
total cortical area, cortical cell files, cortical cell size, cor-
tical cell count, total stele area, vessel number and xylem
vessel area [54]. Area measurements were in mm? and
calibrated from pixels using an image of a 1-mm microm-
eter taken at the same magnification as the analyzed
images (1 linear mm=1215 pixels).
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Table 3 Description of 42 measured traits (21 global traits, 14 local traits and 7 root anatomical traits) of 53 alfalfa genotypes

Traits Abbreviation Description Units
Global traits Traits at the whole plant level

Trefoil number TN Number of trefoil leaves per plant Number
Shoot height SH Shoot height (maximal physical height in nature) cm
Nitrogen uptake NU Total nitrogen per plant mg
Phosphorus uptake PU Total phosphorus per plant mg
Shoot dry mass SDM Total shoot dry mass per plant mg

Root dry mass RDM Total root dry mass per plant mg

Total dry mass TDM Total dry mass per plant mg

Root angle RA The maximal growth angle between two outer lateral roots Degree
Maximal root depth MRD The maximal vertical depth of root cm

Root width RW The maximal extent of the root system in horizontal direction cm

Root diameter RD Average root diameter per plant mm
Total root length RL Total length of all roots per plant cm

Total root area RSA Total surface area of all roots per plant cm?
Total root volume RV Total volume of all roots per plant cm?
Root tips number RTN Number of root tips per plant Number
Specific root length SRL Total root length divided by root dry mass cmmg™!
Specific root area SRA Total root area divided by root dry mass cm’mg™!
Root to shoot mass ratio RSM Total root dry mass divided by shoot dry mass

Root tissue density RTD Root dry mass per unit root volume mg cm™>
Root length intensity RLI Total root length per unit root depth cmcm™!
Branch intensity BI Root tip number per unit total root length root cm™!
Local traits Traits at local level including ratios

Root length in diameter-thin RL-thin Root length of “thin roots” (in diameter class <0.25 mm) cm

Root length in diameter-thick RL-thick Root length of “thick roots” (in diameter class >0.25 mm) cm

Root tips number-20 RTN-20 Number of root tips per plant in 0-20 cm layer Number
Root tips number-40 RTN-40 Number of root tips per plant in 20-40 cm layer Number
Root tips number-60 RTN-60 Number of root tips per plant in 40-60 cm layer Number
Root length-20 RL-20 Root length in 0-20 cm layer cm

Root length-40 RL-40 Root length in 20-40 cm layer cm

Root length-60 RL-60 Root length in 40-60 cm layer cm

Root area-20 RSA-20 Root surface area in 0-20 cm layer cm?
Root area-40 RSA-40 Root surface area in 20-40 cm layer cm?
Root area-60 RSA-60 Root surface area in 40-60 cm layer cm?
Root volume-20 RV-20 Root volume in 0-20 cm layer cm?®
Root volume-40 RV-40 Root volume in 20-40 cm layer cm?
Root volume-60 RV-60 Root volume in 40-60 cm layer cm?®
Anatomical structure traits Primary root anatomical structure traits

Total cortical area TCA Total area of cortical region mm?
Cortical cell files CCF Total number of radial cortical growth rings Number
Cortical cell size CCs Average size of cortical cells pm
Cortical cell count Cccc Total number of cortical cells Number
Total stele area TSA Total area of stele region mm?
Vessel number VN Total number of xylem vessels in stele region Number
Xylem vessel area XVA Total cross-sectional area of all metaxylem vessels mm?

Root subsamples from the same plant were combined
into one root sample and dried in an air-forced oven at
75 °C for 72 h to obtain root dry mass. Dry shoot and
root samples were ground by a high-speed grinder
MM400 (Retsch, Germany) and then digested with con-
centrated H,SO,-H,0,. The total N concentration of root
and shoot was determined by the Kjeldahl method and

the total P concentration was determined by a molybde-
num-antimony colorimetric method [59].

The following traits were calculated from the measured
data: N/P uptake (NU/PU)=shoot dry weight X N/P
concentration in shoot+root dry weight X N/P concen-
tration in root [47, 60]; specific root length (SRL)=total
root length divided by root dry mass; specific root area
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(SRA)=total root area divided by root dry mass; root
to shoot mass ratio (RSM)=root dry mass divided by
shoot dry mass; root tissue density (RTD)=root dry
mass divided by total root volume; root length intensity
(RLI)=total root length divided by root depth [8]; branch
intensity (BI)=root tip number divided by total root
length [61].

The 42 traits were divided into three general categories:
21 global traits, 14 local traits and 7 anatomical traits
(Table 3). Global traits refer to the whole root system,
whole shoots and N/P uptake, and local traits refer to
roots in different depths and diameter classes [29, 30, 61].

Statistical analysis

Based on total root length per plant, genotypes were
divided into three groups with small, medium or large
root systems [8]. The medium root-sized group inter-
val was defined as the median value of RL (208.48 cm
plant™!)£standard deviation (57.04 cm plant™!) and the
upper and lower boundaries of the medium interval were
constructed by adding to or subtracting from the median
point.

One-way ANOVA and Duncan were conducted using
SPSS Statistics 21.0 (IBM Corp, Armonk, NY, USA) for
significant differences among the tested genotypes for
each trait (P<0.05). Traits with coefficients of variation
(CV, standard deviation divided by mean)>0.25 were
selected for Pearson correlation analysis, hierarchical
cluster analysis and principal component analysis. When
P<0.05, correlations were considered statistically signifi-
cant. Hierarchical cluster analysis was used to determine
the homogeneous groups among genotypes using the
average linkage method. Principal component analysis
was used to identify the determinants of variability in
RSA and anatomical traits across genotypes [30, 62]. The
composite score based on principal component analysis
was used to obtain a general ranking order for each geno-
type. The composite score was calculated as follows [30]:

X7 = a’URU + aijQj +...+ CLURM’L-, 7=12 3, ...,n

D=> (X;xW;) j=123..n
j=1

In the formula, X; represents the value of the it compre-
hensive index in the component matrix, a; represents
the eigenvector corresponding to the eigenvalues of each
single index, R; is the standardized value of each single
index, and W represents the importance of the i com-
prehensive index among all the comprehensive indexes.
And D represents the composite score of each genotype.
The a;, R;; and W were acquired from principal compo-
nent analysis. Figures were plotted using Origin 2018
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(OriginLab, Northampton, Massachusetts, USA). The
value of each trait was the mean of 3 biological repli-
cates, and was expressed as mean=standard error in the
graphs.

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/512870-023-04469-4.

[ Supplementary Material 1 J

Acknowledgements
We thank the State Key Laboratory of Soil Erosion and Dryland Farming on the
Loess Plateau for providing the experimental site.

Author contributions

Xinya Pan carried out experimental work, analyzed the data, and wrote the
manuscript. Pengfei Wang and Xianwei Wei carried out experimental work. Zhi
Wang conceived and designed the experiment. Zhi Wang and Yinglong Chen
revised the manuscript. All authors read and approved the final manuscript.

Funding

This research was supported by Ordos City Science and Technology Planning
Project, China (2022YY012), Key Project of Forestry Science and Technology
Innovation of Shaanxi Province, China (SXLK2022-02-12), National Natural
Science Foundation of China (31700335), The Youth Project of the Natural
Science Basic Research Program of Shaanxi Province, China (2020JQ-264) and
Yinglong Chen was supported by Australian Research Council (FT210100902).

Data Availability
Data will be made available on request.

Declarations

Ethics approval and consent to participate

The use of plant parts in this study complies with relevant institutions, national
and international standards and legislation. There is no need of ethics approval
and consent from any authority to participate in this manuscript.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 27 April 2023 / Accepted: 16 September 2023
Published online: 25 September 2023

References

1. Huang Z LiuY, Cui Z,Fang Y, He HH, Liu BR, et al. Soil water storage deficit of
alfalfa (Medicago sativa) grasslands along ages in arid area (China). Field Crop
Res. 2018;221:1-6.

2. BaiZH,MaWQ, Ma L, Velthof GL, Wei ZB, Havlik P, et al. China's livestock transi-
tion: driving forces, impacts, and consequences. Sci Adv. 2018;4:eaar8534.

3. FanJW, Du YL Wan BR, Turner NC, Wang T, Abbott LK, et al. Forage yield, soil
water depletion, shoot nitrogen and phosphorus uptake and concentration,
of young and old stands of alfalfa in response to nitrogen and phosphorus
fertilisation in a semiarid environment. Field Crop Res. 2016;198:247-57.

4. Lynch JP. Harnessing root architecture to address global challenges. Plant J.
2021;109:415-31.

5. Lynch JP.Root phenotypes for improved nutrient capture: an underexploited
opportunity for global agriculture. New Phytol. 2019;223:548-64.

6. Shao ZQ, Zheng CC, Postma JA, Lu WL, Gao Q, Gao YZ, et al. Nitrogen acquisi-
tion, fixation and transfer in maize/alfalfa intercrops are increased through


https://doi.org/10.1186/s12870-023-04469-4
https://doi.org/10.1186/s12870-023-04469-4

Pan et al. BMC Plant Biology

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

(2023) 23:449

root contact and morphological responses to interspecies competition. J
Integr Agr. 2021;20:2240-54.

Mi G, Chen J, Yuan L, Zhang F. Ideotype root system architecture for maize to
achieve high yield and resource use efficiency in intensive cropping systems.
Adv Agron. 2016;139:73-97.

Chen YL, Palta J, Prasad PVV, Siddique KHM. Phenotypic variability in bread
wheat root systems at the early vegetative stage. BMC Plant Biol. 2020;20:185.
Valliyodan B, Ye H, Song L, Murphy M, Shannon JG, Nguyen HT. Genetic diver-
sity genomic strategies for improving drought and waterlogging tolerance in
soybeans. J Exp Bot. 2017;68:1835-49.

Wang S, Jensen LS, Magid J. Differential responses of root and root hair traits
of spring wheat genotypes to phosphorus deficiency in solution culture.
Plant Soil Environ. 2016;62:540-6.

Figueroa-Bustos V, Palta JA, Chen YL, Siddique KH. Characterization of root
and shoot traits in wheat cultivars with putative differences in root system
size. Agronomy-Basel. 2018;8:109.

Liao MT, Fillery IRP, Palta JA. Early vigorous growth is a major factor influenc-
ing nitrogen uptake in wheat. Funct Plant Biol. 2004;31:121-9.

Zhan A, Schneider H, Lynch JP. Reduced lateral root branching density
improves drought tolerance in maize. Plant Physiol. 2015;168:1603-15.

Prince S, Anower MR, Motes CM, Hernandez TD, Liao FQ, Putmal L, et al. Intra-
specific variation for leaf physiological and root morphological adaptation to
drought stress in alfalfa (Medicago sativa L). Front Plant Sci. 2022;13:795011.
Fan JW, Du YL, Turner NC, Wang BR, Fang Y, Xi Y, et al. Changes in root
morphology and physiology to limited phosphorus and moisture in a locally-
selected cultivar and an introduced cultivar of Medicago sativa L. growing in
alkaline soil. Plant Soil. 2015,392:215-26.

Richardson AE, Lynch JP, Ryan PR, Delhaize E, Smith FA, Smith SE, et al. Plant
and microbial strategies to improve the phosphorus efficiency of agriculture.
Plant Soil. 2011;349:121-56.

He HH, Peng Q Wang X, Fan CB, Pang JY, Lambers H, et al. Growth, morpho-
logical and physiological responses of alfalfa (Medicago sativa) to phosphorus
supply in two alkaline soils. Plant Soil. 2017,416:565-84.

Su R, Zhang ZK, Chang C, Peng Q, Cheng X, Pang JY, et al. Interactive effects
of phosphorus fertilization and salinity on plant growth, phosphorus and
sodium status, and tartrate exudation by roots of two alfalfa cultivars. Ann
Bot. 2022;129:53-65.

De Bauw P, Vandamme E, Lupembe A, Mwakasege L, Senthilkumar K, Drame
KN, et al. Anatomical root responses of rice to combined phosphorus and
water stress-relations to tolerance and breeding opportunities. Funct Plant
Biol. 2019;46:1009-22.

Gambetta GA, Fei J, Rost TL, Knipfer T, Matthews MA, Shackel KA, et al. Water
uptake along the length of grapevine fine roots: developmental anatomy,
tissue-specific aquaporin expression, and pathways of water transport. Plant
Physiol. 2013;163:1254-65.

Lynch JP. Steep, cheap and deep: an ideotype to optimize water and N acqui-
sition by maize root systems. Ann Bot. 2013;112:347-57.

Kong DL, Wang JJ, Zeng H, Liu MZ, Miao Y, Wu HF, et al. The nutrient-absorp-
tion transportation hypothesis: optimizing structural traits in absorptive
roots. New Phytol. 2016;213:1569-72.

Zhou M, Bai WM, Li QM, Guo YM, Zhang WH. Root anatomical traits
determined leaf-level physiology and responses to precipitation change of
herbaceous species in a temperate steppe. New Phytol. 2020;229:1481-91.
Clement C, Schneider HW, Dresboll DB, Lynch JP, Thorup-Kristensen K. Root
and xylem anatomy varies with root length, root order, soil depth and
environment in intermediate wheatgrass (Kernza®) and alfalfa. Ann Botany.
2022;130:367-82.

Neumann G, George TS, Plassard C. Strategies and methods for studying the
rhizosphere-the plant science toolbox. Plant Soil. 2009;321:431-56.

Koyama T, Murakami S, Karasawa T, Ejiri M, Shiono K. Complete root specimen
of plants grown in soil-filled root box: sampling, measuring, and staining
method. Plant Methods. 2021;17:97.

Chen YL, Shan FC, Nelson MN, Siddique KHM, Rengel Z. Root trait diversity,
molecular marker diversity, and trait-marker associations in a core collection
of Lupinus angustifolius. J Exp Bot. 2016,67:3683-97.

Bucciarelli B, Xu ZY, Ao S, Cao YY, Monteros MJ, Topp CN, et al. Phenotyping
seedlings for selection of root system architecture in alfalfa (Medicago sativa
L). Plant Methods. 2021;17:125.

Liu'S, Begum N, AnTT, Zhao TJ, Xu BC, Zhang SQ, et al. Characterization of
root system architecture traits in diverse soybean genotypes using a semi-
hydroponic system. Plants-Basel. 2021;10:2781.

30.

31

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Page 16 of 17

Qiao S, Fang Y, Wu AJ, Xu BC, Zhang SQ, Deng XP, et al. Dissecting root trait
variability in maize genotypes using the semi-hydroponic phenotyping
platform. Plant Soil. 2019;439:75-90.

Nazemi G, Valli F, Ferroni L, Speranza M, Maccaferri M, Tuberosa R, et al.
Genetic variation for aerenchyma and other root anatomical traits in durum
wheat (Triticum durum Desf). Genet Resour Crop Ev. 2016;63:771-9.

Postma JA, Lynch JP. Theoretical evidence for the functional benefit of root
cortical aerenchyma in soils with low phosphorus availability. Ann Bot.
2010;107:829-41.

Saengwilai B, Nord EA, Chimungu JG, Brown KM, Lynch JP. Root cortical
aerenchyma enhances nitrogen acquisition from low nitrogen soils in maize
(Zea mays L). Plant Physiol. 2014;166:726-35.

Zhu J, Brown KM, Lynch JP. Root cortical aerenchyma improves the drought
tolerance of maize (Zea mays L). Plant Cell Environ. 2010;33:740-9.

Prince SJ, Murphy M, Mutava RN, Durnell LA, Valliyodan B, Shannon JG, et

al. Root xylem plasticity to improve water use and yield in water-stressed
soybean. J Exp Bot. 2017;68:2027-36.

Strock F, Burridge J, Massas ASF, Beaver J, Beebe S, Camilo SA. Seedling root
architecture and its relationship with seed yield across diverse environments
in Phaseolus vulgaris. Field Crop Res. 2019;237:53-64.

Xu ZY, York LM, Seethepalli A, Bucciarelli B, Cheng H, Samac DA. Objec-

tive phenotyping of root system architecture using image augmentation
and machine learning in alfalfa (Medicago sativa L.). Plant Phenomics.
2022;9879610.

Yang B, Zhao Y, Guo ZF. Research progress and prospect of alfalfa resistance
to pathogens and pests. Plants-Basel. 2022;11:2008.

Zhang XY, Shi SL, Li XL, Li CN, Zhang CM, Yun A, et al. Effects of autotoxicity
on alfalfa (Medicago sativa): seed germination, oxidative damage and lipid
peroxidation of seedlings. Agronomy-Basel. 2021;11:1027.

Ghimire BK, Ghimire B, Yu CY, Chung IM. Allelopathic and autotoxic effects of
Medicago sativa—derived allelochemicals. Plants. 2019;8:233.

Li S,Wan Q, Nie ZN, Li XL. Fractal and topological analyses and antioxidant
defense systems of alfalfa (Medicago sativa L) root system under drought and
rehydration regimes. Agronomy-Basel. 2020;10:805.

Wijesinghe DK, John EA, Beurskens S, Hutchings MJ. Root system size and
precision in nutrient foraging: responses to spatial pattern of nutrient supply
in six herbaceous species. J Ecol. 2001;89:972-83.

Palta JA, Chen X, Milroy SP, Rebetzke GJ, Dreccer MF, Watt M. Large root
systems: are they useful in adapting wheat to dry environments? Funct Plant
Biol. 2011;38:347-54.

Shao H, Shi DF, ShiWJ, Ban XB, Chen YC, Ren W, et al. Genotypic difference in
the plasticity of root system architecture of field-grown maize in response to
plant density. Plant Soil. 2019;439:201-17.

Waines JG, Ehdaie B. Domestication and crop physiology: roots of green-
revolution wheat. Ann Bot. 2007;100:991-8.

Kiers ET, Duhamel M, Beesetty Y, Mensah JA, Franken O, Verbruggen E, et al.
Reciprocal rewards stabilize cooperation in the mycorrhizal symbiosis. Sci-
ence. 2011;333:880-2.

Wu AJ, Fang Y, Liu S, Wang H, Xu BC, Zhang SQ, et al. Root morphology and
rhizosheath acid phosphatase activity in legume and graminoid species
respond differently to low phosphorus supply. Rhizosphere. 2021;13:100391.
Arai-Sanoh Y, Takai T, Yoshinaga S, Nakano H, Kojima M, Sakakibara H, et al.
Deep rooting conferred by DEEPER ROOTING 1 enhances rice yield in paddy
fields. Sci Rep. 2014;4:5563.

Lynch JP, Brown KM. New roots for agriculture: exploiting the root phenome.
Philos T R Soc B. 2012;367:1598-604.

Zhu J, Kaeppler SM, Lynch JP. Topsoil foraging and phosphorus acquisition
efficiency in maize (Zea mays L). Funct Plant Biol. 2005;32:749-62.

Bechmann M, Schneider C, Carminati A, Vetterlein D, Attinger S, Hildebrandt
A. Effect of parameter choice in root water uptake models - the arrangement
of root hydraulic properties within the root architecture affects dynamics and
efficiency of root water uptake. Hydrol Earth Syst Sc. 2014;18:4189-206.

Jia S,Wang ZQ, Li XP, Sun'Y, Zhang XP, Liang AZ. N fertilization affects on

soil respiration, microbial biomass and root respiration in Larix gmelinii and
Fraxinus mandshurica plantations in China. Plant Soil. 2010;333:325-36.
Sorgona A, Abenavoli MR, Gringeri PG, Cacco G. Comparing morphological
plasticity of root orders in slow- and fast-growing citrus rootstocks supplied
with different nitrate levels. Ann Bot. 2007;100:1287-96.

Burton AL, Williams M, Lynch JP, Brown KM. RootScan: Software for high-
throughput analysis of root anatomical traits. Plant Soil. 2012;357:189-203.



Pan et al. BMC Plant Biology

55.

56.

57.

58.

59.

(2023) 23:449

Tombesi S, Johnson RS, Day KR, DeJong TM. Relationships between xylem
vessel characteristics, calculated axial hydraulic conductance and size-
controlling capacity of peach rootstocks. Ann Bot. 2010;105:327-31.

Lynch JP, Strock CF, Schnider HM, Sidhu JS, Ajmera |, Galindo-Castaneda T, et
al. Root anatomy and soil resource capture. Plant Soil. 2021;466:669.

Wang Z, Ke Q, Kim MD, Kim SH, Ji CY, Jeong JC, et al. Transgenic alfalfa plants
expressing the sweetpotato Orange gene exhibit enhanced abiotic stress
tolerance. PLoS ONE. 2015;10:20126050.

Bergmann J, Ryo M, Prati D, Hempel S, Rillig MC. Root traits are more

than analogues of leaf traits: the case for diaspore mass. New Phytol.
2017;216:1130-9.

Grimshaw HM, Allen SE, Parkinson JA. Nutrient elements. In: Allen SE, editor.
Chemical Analysis of Ecological Material. Oxford: Blackwell Scientific; 1989.
pp. 81-159.

Page 17 of 17

60. Pico LBO, Zhang CK, Vyn TJ. The central role of ear nitrogen uptake in maize
endosperm cell and kernel weight determination during the lag period. Field
Crop Res. 2021;273:108285.

61. ChenYL, Ghanem ME, Siddique KHM. Characterising root trait variability in
chickpea (Cicer arietinum L) germplasm. J Exp Bot. 2017,68:1987-99.

62. Jolliffe IT, Cadima J. Principal component analysis: a review and recent devel-
opments. Philos T R Soc A. 2016;374:20150202.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Exploring root system architecture and anatomical variability in alfalfa (﻿Medicago sativa﻿ L.) seedlings
	﻿Abstract
	﻿Background
	﻿Results
	﻿Variation in global traits
	﻿Variation in local traits
	﻿Variation in anatomical traits
	﻿Correlation among traits
	﻿Determination of trait variation
	﻿Genotype distribution based on root trait variation

	﻿Discussion
	﻿Variations among root traits and its implications for alfalfa breeding
	﻿Contribution of individual root traits to resource absorption

	﻿Conclusions
	﻿Methods
	﻿Plant material


	﻿Growth conditions
	﻿Sampling and measurements
	﻿Statistical analysis
	﻿References


