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Abstract: Trait-based approaches are increasingly used to understand crop yield improvement, al-
though they have not been widely applied to anatomical traits. Little is known about the relationships
between root and leaf anatomy and yield in wheat. We selected 20 genotypes that have been widely
planted in Luoyang, in the major wheat-producing area of China, to explore these relationships. A
field study was performed to measure the yields and yield components of the genotypes. Root and
leaf samples were collected at anthesis to measure the anatomical traits relevant to carbon allocation
and water transport. Yield was negatively correlated with cross-sectional root cortex area, indicating
that reduced root cortical tissue and therefore reduced carbon investment have contributed to yield
improvement in this region. Yield was positively correlated with root xylem area, suggesting that a
higher water transport capacity has also contributed to increased yields in this study. The area of the
leaf veins did not significantly correlate with yield, showing that the high-yield genotypes did not
have larger veins, but they may have had a conservative water use strategy, with tight regulation of
water loss from the leaves. This study demonstrates that breeding for higher yields in this region
has changed wheat’s anatomical traits, reducing the roots’ cortical tissue and increasing the roots’
xylem investment.

Keywords: anatomical traits; carbon allocation; cortex area; population yield; Triticum aestivum; water
transport; winter wheat; xylem area

1. Introduction

Researchers are attempting to apply ecological and evolutionary approaches to enhanc-
ing crop population yield [1]. A growing number of ecologists suggest adopting trait-based
approaches to understand crop improvements [2]. Breeding for increased yields under
agricultural conditions has altered plants’ anatomical, as well as other more frequently
studied, traits [3].

Anatomical traits could help explain crops’ individual ecological functions, such as
carbon allocation and water transport (Figure 1), and, in turn, illuminate some mechanisms
of population yield improvement [3]. The anatomical traits of the roots, such as their
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cross-sectional cortex, stele and xylem areas, reflect their radial and axial carbon and
water use [4,5], influencing growth and yield in crops [6]. It has been hypothesized that
reduced living cortical tissue in the roots with fewer cortical cells and increased root cortical
aerenchyma is associated with lower root respiration and reduced metabolic costs, enabling
deeper soil water acquisition [7–11]. In most cases, a reduced root cortical investment can
also reduce resistance to water transport from the soil to the xylem, which is beneficial
for radial water transport and absorption [12]. Thus, roots’ cortical traits have multiple
functions related to carbon consumption and water transport [6]. In addition, a large stele
can improve hydraulic conductance and axial water transport efficiency [10]. Variations in
the ratio of the cortex to the stele can reflect trade-offs between carbon consumption and
water transport in the roots [12].
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Figure 1. Framework of the water cycle (blue lines) and carbon cycle (green lines) in crops. Crops
uptake water from the soil through their root hairs and then transport it through apoplastic or
symplastic/transmembrane roots to the xylem vascular system. Water transported through stem
moves through the xylem via vessels and then distinct orders of veins in leaves to the bundle sheath
and mesophyll tissue, before being transpired into the air through stomata. The assimilates produced
by photosynthesis in leaves are transported in the opposite direction to the spikes (yield formation),
stems and roots via the phloem. More carbon being allocated to grains and less allocated downward
to living root cortex for respiration can increase yield. Root and leaf anatomy play important roles in
water and carbon cycles and yield production [13,14].
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Breeding for increased yields has resulted in smaller, deeper and more vertical root
systems, which have increased the population yield by reducing the competition among
wheat plants for water close to the surface and increasing access to water deeper in the soil
under many agricultural conditions [15,16]. It has been hypothesized that a reduced living
cortex burden and/or increased root cortical aerenchyma reduce(s) metabolic maintenance
and construction costs, allowing the roots to explore deeper water and improving drought
tolerance and yield under drought and low-phosphorus conditions in maize [7,11,14]. Evo-
lutionary agricultural theory predicts a trade-off between individual fitness and population
yield among productive genotypes [17]. A reduced cortical investment with relatively
small, vertical roots may represent a strategy of decreased individual competitive capacity
and increased communal behavior to increase the population yield [16]. Simultaneously, a
reduced xylem area may reduce water use during flowering, increasing water use efficiency.
A previous study concluded that wheat genotypes with low axial conductance conserved
water during grain filling, resulting in higher yields under drought [18]. Following this
approach, we predict that winter wheat has been selected due to its reduced root cortical
tissue for deep water acquisition and reduced xylem and stele tissue for conservative water
use efficiency.

Leaf anatomy also plays important roles in carbon and water management. Mesophyll
tissues in the leaves produce carbon assimilates via photosynthesis, some of which are
remobilized to the reproductive organs for the formation of grains and spikes or partitioned
downward to the stems and roots (Figure 1). It is well documented that increasing repro-
ductive allocation (Harvest Index or reproductive allometry) has been a major contributor
to increased yields [19–24]. It is reasonable to hypothesize that a larger leaf mesophyll area
will result in increased carbon assimilation and less carbon being partitioned to the stem
and root tissues; some of this carbon may be allocated to increased reproduction (yield).
In addition, the number of leaf veins plays a critical role in regulating water loss in wheat.
“Ideotypes” with a higher grain yield generally have compact and short phenotypes with a
conservative water use strategy and a high water use efficiency [25]. We hypothesize that
higher-yield genotypes will have increased leaf mesophyll tissue and a reduced leaf vein
investment to optimize the leaves’ assimilation capability (increase source capacity) per unit
of leaf area and reduce transpiration, thereby increasing their water use efficiency. Thus, a
reduced leaf vein investment, together with reduced root xylem tissue, may contribute to
water use efficiency for the whole plant and promote high yields.

Here, we investigate the anatomical root and leaf traits at anthesis of 20 winter wheat
genotypes grown in Luoyang, located in the Huanghuai Plain of China, which is the major
region of wheat production in China, playing a critical role in national food [26]. We explore
the relationships between root and leaf anatomical traits and yield and hypothesize that
higher yields are associated with (1) a reduced root cortical investment, (2) a reduced root
water transport capacity and (3) increased leaf mesophyll tissue, reflecting the attributes of
an “ideotype” under local conditions.

2. Materials and Methods
2.1. Plant Materials and Growth Conditions

The field study was performed in Luoyang County, Henan Province, in central China,
which had an average annual precipitation of 650 mm and an average annual temperature
of 13 ◦C from 1979 to 2018, according to the China Meteorological Forcing Dataset [27].
We investigated 20 genotypes of winter wheat that were bred at or near the site and are
commonly grown in the region (Table 1). Some of the genotypes, such as Bainong207 and
Zhoumai32, have a high drought tolerance and a high disease tolerance.
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Table 1. Name, year of release, phenology and source of all 20 cultivars of winter wheat used in
the experiments.

No. Cultivar Year of Release Days to Flower Days to Mature Source

1 Yumai49 2000 183 219 Xiangyun Agricultural Technology Station
2 Zhengmai9023 2002 184 217 Henan Academy of Agricultural Science

3 Luohan2 2003 184 222 Luoyang Agricultural Science
Research Institute

4 Zhoumai18 2005 184 221 Zhoukou Academy of Agricultural Science
5 BainongAK58 2005 180 217 Henan Institute of Science and Technology
6 Jimai22 2007 184 220 Shandong Academy of Agricultural Science

7 Luohan12 2008 184 220 Luoyang Agricultural Science
Research Institute

8 Yunhan20410 2008 185 219 Shanxi Academy of Agricultural Science
9 Luomai9 2008 185 220 Luohe Academy of Agricultural Science
10 Shannong20 2010 183 219 Shandong Agricultural University
11 Zhongmai175 2011 182 219 Chinese Academy of agricultural science
12 Zhoumai26 2012 182 220 Zhoukou Agricultural University
13 Henong7106 2012 183 222 Hebei Agricultural University
14 Zhengmai101 2013 183 220 Henan Academy of Agricultural Science
15 Bainong207 2013 184 221 Henan Bainong Seed Industry Co. Ltd.
16 Yumai158 2014 185 221 Luohe Academy of Agricultural Science
17 Zhengmai379 2016 184 221 Henan Academy of Agricultural Science
18 Lunxuan99 2016 182 219 Chinese Academy of agricultural science
19 Zhoumai32 2018 183 219 Zhoukou Academy of Agricultural Science

20 Tongmai6 2019 183 221 Center of Tongchuan Agricultural
Technology Development

A field experiment was conducted from October 2020 to May 2021 using a standard
local planting density (300 seeds per m2) to compare the yields. The average temperature
and the total precipitation over 10-day periods during the growing season were recorded
by the local weather station (Figure 2). The lowest temperature in winter was below −5 ◦C
in 2020 (Figure 2), and the daily temperature increased gradually during the spring. There
was little rainfall in December 2020 and January 2021 (Figure 2).

The field study was a randomized block design with three replicates/plots per geno-
type, giving 60 plots in total. Each plot was 6 m2 with a 3 m length and a 2 m width.
The space between the plots was 0.2 m. Each plot had 15 rows, and the distance between
rows was 0.2 m. There was a buffer zone of an approximately 3 m width around the
experimental area.

All the seeds were sown at a depth of 4–6 cm. There was no irrigation during the
growing season, so the experiment relied completely on precipitation. Before sowing,
compound fertilizer (Naweigao Fertilizer Company, Zhengzhou, China, N-P-K = 25-13-7)
was applied to the field at the rate of 750 kg per hectare. All the fertilizer reached the soil
plough layer when applied. When the wheat was mature in May, we selected 1 m × 2 m
areas in the center of each plot as the sample plots to measure the yield. All the grains in
the sample plots were harvested by hand. The yield components, the thousand kernel
weight (TKW) and the number of grains per spike (grain number) were recorded at
harvest. The number of spikes per m2 (spike density) was determined after counting
the number of spikes for 2 lines in the center of the sample plots during the filling stage.
All the grains produced in the plots were harvested, weighed and stored in mesh bags
with labels.
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Figure 2. Average temperature and the sum of precipitation over 10-day periods during the growth
of winter wheat from October to May in Luoyang, Henan Province. x-axis: 10−1 refers to the first
10 days of October, 10−2 to the middle 10 days of October and 10−3 to the remainder of October.

2.2. Measurements of the Leaf and Root Anatomical Traits

In this experiment, three plants per plot were dug up near the center of each plot,
but away from the area of the plot selected for the population yield at the final harvest,
to assess their anatomical traits. Then, 1 cm leaf segments were excised from the middle
part of the flag leaves, and 1 cm root samples were excised from the seminal root 2 cm
below the seeds from which they originated at anthesis (Figure 3). Seminal roots have been
widely used in wheat to assess its water transport and/or water use efficiency [28–32]. The
collected seminal root sections were critical nodes linking the roots with the stems, which
are responsible for transporting water axially from the root xylem to the stem vascular
bundle systems at all stages, affecting overall hydraulic conductance and water usage. In
each plot, we collected 3 individuals at anthesis, so each genotype had 9 replicates. All
the excised samples were fixed in FAA solution (95% ethanol:formaldehyde:glacial acetic
acid:distilled water = 18:1:1:5.4) for at least 48 h. Then, the samples were embedded into
agarose solvent (6% with distilled water) within 7 mm × 7 mm × 5 mm molds.

Cross-sections (20 µm thick leaf samples and 50 µm thick root samples) were cut using
a vibratome (VT1000 S, Leica, Germany) and stored in a centrifuge tube with distilled
water in a refrigerator. Then, the cross-sections were stained with 1% safranine solvent,
dehydrated in 30%, 50%, 75% and 83% ethanol in sequence, stained with 0.5% Fast Green
with 95% ethanol and dehydrated in 95% and then 100% ethanol for 10 s. They were then
mounted onto a glass slide with neutral resin (BL704A, Biosharp, Hefei, China) and covered
with a cover glass.

The cross-sections were observed and documented under upright light microscopy
(Olympus BX35, Tokyo, Japan) at a resolution of 1360 × 1024. The whole root cross-sectional
area and leaf vein density were measured at a magnification of 40. All the other parameters
were measured at a magnification of 100. Photographic images of the leaf cross-sections
were used to measure the leaf mesophyll area, leaf vein area and leaf thickness. Meanwhile,
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the root cross-sections were used to measure the whole root area, cortex area, stele area,
xylem area, etc. Measurements were taken from the photographs using ImageJ software
(1.8.0). The definitions and abbreviations for the roots and their anatomical traits are
summarized in Table 2.
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Figure 3. The image on the left illustrates the positions of the samples collected. Leaf segments were
excised from the middle part of the flag leaves, and root samples were excised from the seminal root
2 cm below the seed. The images in the middle show the cross-sectional structures of the leaves and
roots. The images on the right show structures for water and nutrient transport in leaves (vein) and
roots (stele). M refers to leaf mesophyll tissue, C refers to root cortical tissue and X refers to root
xylem vessels.

Table 2. Definition and abbreviations for the anatomical traits.

Anatomical Traits Units Descriptions

Root anatomical traits
Root diameter µm The whole root’s cross-sectional diameter
Cortex area µm2 The area between the exodermis and endodermis
Xylem vessel area µm2 Also named the xylem area, total vessel area
Xylem ratio % Root xylem vessel area/total root cross-sectional area ratio
Cortex-to-stele ratio Root cortex area/total stele area ratio
Cortex ratio Root cortex area/total cross-sectional area ratio
Stele ratio Root stele area/total cross-sectional area ratio
Root vessel density Root vessel number/root stele area ratio
Leaf anatomical traits
Vein density mm−1 Total number of veins per mm, also known as “vein length per leaf area”
Major vein area µm2 Includes leaf vascular bundle sheath, mechanical tissue, xylem and phloem
Leaf thickness µm The average leaf thickness at three positions
Leaf vein area ratio The total leaf vein area to the total leaf cross-sectional area
Leaf mesophyll area ratio The total leaf mesophyll area to the total leaf cross-sectional area
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2.3. Statistical Analyses

Regression analyses were used to examine the relationships between the grain yield,
yield components and root and leaf anatomical traits. The regression analyses and principal
component analysis were performed using R software v4.0.2, and the path analyses were
performed using IBM SPSS AMOS 21. ANOVA were performed using GenStat (23rd Edi-
tion). Graphs of the daily temperature and precipitation per 10 days were plotted using
SigmaPlot v. 14.

3. Results
3.1. Yield and Yield Components

There were clear differences in the population yield and yield components among
the 20 genotypes (p < 0.05). The highest yield was 799.07 g m−2 from Lunxuan99, and
the lowest was 569.45 g m−2 from Yunhan20410 (Table S1). The thousand kernel weight
(TKW) ranged from 36.05 g to 49.29 g, the number of grains per spike (grain number,
GN) ranged from 28.99 to 42.34 and the number of spikes per m2 (spike density, SD)
ranged from 384.33 to 551.67 (Supplementary Materials Table S1). In the path analysis of
the yield components, grain number, TKW and spike density all had positively significant
contributions to yield production (p < 0.001). Spike density made the greatest contribution
among all three yield components to the population yield (Table S2). Grain number made a
greater contribution to yield than did TKW.

3.2. The Relationships between the Root and Leaf Anatomical Traits and Population Yield

There were no significant relationships between yield and root diameter (Figure 4A)
or absolute cortex area (CA; Figure 4B). There were significantly negative relationships
between yield and the cortex-to-stele ratio (p < 0.01, Figure 4A) and yield and the cortex-
to-whole-root ratio (cortex ratio, CR; p < 0.01, Figure 4B). There were significant positive
relationships between the absolute xylem area, relative xylem area (xylem ratio), relative
stele area (stele ratio, SR) and yield (p < 0.05, Figure 5). For the leaf anatomical traits, there
were no clear relationships between yield and leaf thickness (LT), relative leaf mesophyll
area (leaf mesophyll ratio, MR; p > 0.05) or relative leaf vein area (leaf vein ratio, VR).
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for 20 genotypes of winter wheat in central China. Solid lines indicate significant relationships.
The numbers from 1 to 20 represent the different genotypes. Horizontal error bars (standard error)
are shown.

3.3. Relationships between the Root and Leaf Anatomical Traits and Yield Components

For the yield components, grain number was negatively correlated with the cortex-to-
stele ratio and the cortex ratio (p < 0.05, Figure 6) and positively correlated with the stele
ratio. However, there were no significant relationships between TKW or spike density and
these root anatomical traits (p > 0.05). Grain number was positively correlated with the leaf
mesophyll ratio (p < 0.05, Figure 6) and negatively correlated with the leaf vein ratio. TKW
was positively correlated with the leaf vein ratio and negatively correlated with the leaf
mesophyll ratio (p < 0.05, Figure 6). There was a trade-off between grain number and TKW
(Figure 6C,D). There were no significant relationships between spike density and any other
anatomical trait.

3.4. Results of Principal Component Analysis of Root and Leaf Anatomical Traits

The first principal component mainly reflected root traits relevant to carbon allocation,
including root diameter, root cortex area and root cortex ratio (Table 3). The second
principal component mainly reflected the yield, leaf thickness and plant traits relevant to
water transport, including the root stele area and the root xylem area. Yield was positively
correlated with the xylem area and xylem ratio but was not correlated with the cortex area,
root diameter or vessel density. The root cortex area was positively correlated with the root
diameter but negatively correlated with the root vessel diameter. The leaf mesophyll ratio
was negatively correlated with the leaf major vein area (Figure 7).
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stele ratio (B) and leaf mesophyll ratio (C) and between thousand kernel weight and leaf mesophyll
ratio (D) for 20 genotypes of winter wheat in central China. A solid line indicates a significant
relationship. The numbers from 1 to 20 represent the different genotypes. Horizontal error bars
(standard error) are shown.
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Table 3. Principal component analysis based on root and leaf anatomical traits in 20 winter wheat
genotypes.

Yield and Anatomical Traits PC1 PC2

Yield −0.42 0.67
Root anatomical traits
Root diameter 0.75 0.58
Cortex area 0.80 0.48
Stele area 0.25 0.90
Xylem area 0.01 0.92
Root vessel density −0.62 −0.51
Cortex ratio 0.86 −0.33
Xylem ratio −0.69 0.51
Leaf anatomical traits
Leaf vein density 0.04 −0.28
Major vein area 0.63 0.08
Leaf thickness 0.22 0.71
Leaf mesophyll area ratio −0.58 0.03
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4. Discussion
4.1. Root Anatomical Traits and Yield

Our results show significant relationships between several root anatomical traits and
winter wheat yield in Luoyang in one year. Although there was no significant relationship
between yield and absolute cortex area (CA), there were significant negative relationships
between the relative cortex area (cortex ratio; CR), the ratio of the cortex to the stele (CSR)
and the population yield. Our results suggest that reduced cortical tissue with potentially
reduced root respiration, construction and maintenance costs may be beneficial in terms of
yield. This is consistent with the proposed “root ideotype” of “cheaper, steeper and deeper”
roots [15,16] for greater exploration of water and nutrients by the wheat population under
rainfed conditions [14,33].

Furthermore, reduced root cortical tissue may decrease resistance to radial water trans-
port and increase the efficiency of water uptake from the soil [6]. This result is consistent
with previous findings that a reduced root cortical area and reduced cortical cell files and
increased root cortical aerenchyma, replacing some living cortical tissue with air, improved
maize (Zea mays L.) drought tolerance and yield under low-phosphorus and water stress
environments [7,8,11]. Our results suggest that reduced cortical costs can improve the crop
yield under rainfed conditions. The reproductive organs and roots are competing sinks for
photosynthate, so reducing the living root cortical tissue can be beneficial for reproductive
growth by increasing carbohydrate availability for reproductive allocation [11].

Our results fit crop evolutionary theory, which predicts a trade-off between individual
fitness and the population yield among productive genotypes [17]. Reduced individual
fitness with a relatively reduced carbon cortical burden in root systems potentially weak-
ens the competitiveness of the roots, facilitating soil exploration, water acquisition and
reproductive allocation on the part of the population, resulting in high yields [34].

Contrary to our hypothesis, the results showed positive relationships between the
absolute xylem area (XA), relative xylem area (xylem ratio; XR), relative stele area (stele
ratio; SR) and population yield in this region, suggesting that an increased water transport
capacity in the seminal roots could contribute to yield. This contradicts the conclusion
of a recent study in which wheat genotypes with low axial conductance conserved water
during grain filling under drought conditions, increasing in their grain size and yield [18].
Our results suggest that that genotypes with a larger xylem area at anthesis had a higher
axial hydraulic conductance and a higher water transport efficiency, which supports the
assumption by Donald (1968) [35] that high-yield phenotypes should have a low biomass
and therefore a low competitive ability but high efficiency in the use of environmental
resources—in this case, water [34,36,37]. The result is also consistent with a mesocosm
study showing that high-yield soybean lines showed an increased metaxylem number,
improving the roots’ hydraulic conductivity and water transport [38]. Similarly, a recent
study on rice showed that increased water transport efficiency in the roots contributed to
increased drought tolerance and high yields [39], maintaining photosynthetic processes
in the leaves by supplying sufficient water upward under rainfed conditions [40]. In
this study, the genotypes Bainong207 and Zhoumai32 with a high drought tolerance and
disease tolerance also showed high yields and large xylem areas (Figure 8). Root anatomy
in winter wheat is likely to contribute to the trade-off between carbon cortical costs and
water uptake in this region. Thus, a high water transport efficiency with reduced cortical
costs and increased xylem input in the roots is likely to play a role in both radial and
axial water transport, crop reproductive allocation, drought and disease tolerance and the
population yield. In addition to root anatomy, there are other factors that influence the
root transport efficiency, e.g., the electrical capacitance in the lateral roots. Future studies
should investigate these.
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genotypes ((B) Bainong207 and (D) Zhoumai32). A schematic representation of the root anatomy of
the low-yield (E) and high-yield (F) genotypes.

4.2. Leaf Anatomical Traits and Yield

Flag leaf thickness was positively correlated with yield. Leaf thickness is an important
trait in crops and affects photosynthesis and source–sink efficiency [41]. Our results are
consistent with theories addressing rice architecture, which indicate that thick, short and
erect flag leaves could promote rice yields [42]. Parallel veins mean that an increase in
leaf thickness will occur via an increase in the mesophyll, supplying more carbon for
assimilation. Contrary to our expectations, there was no significant relationship between
yield and relative leaf mesophyll area ratio. Some high-yield genotypes had a relatively
high leaf mesophyll ratio, however, suggesting that for some winter wheat genotypes,
more photosynthate being produced by the leaves’ mesophyll cells is conducive to high
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yields. Although this wheat ideotype has few and small erect leaves with a low competitive
ability, it has a high light use efficiency [35,43] with more mesophyll tissue per unit of
cross-sectional leaf area.

Yield was not significantly correlated with relative flag leaf vein area, suggesting that
high-yield genotypes do not enhance the water transport capacity of their roots with an
increased leaf vein area but have a conservative water use strategy, with tight regulation
of the water loss from the leaves. Some genotypes with high yields had a relatively low
leaf vein ratio. It may be that a lower vein investment with a lower construction cost and
potentially low water use by the leaves is beneficial for optimizing the water and carbon
use efficiency of whole plants, thereby increasing their yield [25].

The results support our hypothesis that high-yield genotypes can maximize carbon
gain by having an increased amount of mesophyll tissue per unit of leaf area while reducing
transpirational water loss with a reduced vein area. Stomata are critical sites for carbon
dioxide and water vapor exchange, and there is evidence of a positive correlation between
stomatal density and yield in dryland wheat in one study (P. Du, unpublished). More
studies are needed to investigate how the leaf veins and stomata have evolved together to
regulate carbon and water uptake in crops to achieve high yields.

4.3. Root and Leaf Anatomical Traits and Yield Components

Yield can be increased via one or more of a plant’s components [44,45]. The path
analysis showed that all three yield components (kernel weight, number of grains per spike
and spike density) made positive contributions to the population yield, and the number of
grains per spike was more important to yield than grain weight (Supplementary Materials).
Our results are consistent with the well-established generalization that increases in grain
yield occur via increases in grain number rather than increases in grain weight [46].

In our study, the number of grains per spike was negatively correlated with relative
cortex area and the cortex-to-stele ratio but positively correlated with relative stele area
(stele ratio). This indicates that reduced root cortical tissue and an increased stele investment
could promote an increased number of grains per spike via an increased spike length,
contributing to the population yield in this region.

Although yield was not correlated significantly with the leaf mesophyll ratio or leaf
vein ratio, our results showed that the number of grains per spike was positively correlated
with the leaf mesophyll ratio and negatively correlated with the leaf vein ratio. Grain
weight was positively correlated with the leaf vein ratio and negatively correlated with the
leaf mesophyll ratio, however. The anatomical traits that were correlated with grain weight
and grain number per spike were different. This is consistent with the well-established
trade-off between grain weight and grain number [47,48]. The leaf mesophyll and leaf
vein ratios influenced this trade-off. Reduced relative root cortex and leaf vein areas and
increased relative root stele and leaf mesophyll areas are associated with increased grain
numbers and yields.

5. Conclusions

The 20 genotypes of winter wheat growing in the major wheat-producing area of
China showed significant relationships between some anatomical traits and yield. Our
results indicate that a high yield was associated with a reduced relative root cortex area and
increased absolute and relative root xylem areas. Reduced root cortical tissue may decrease
resistance to radial water transport and increase the efficiency of water uptake from the soil.
A high yield was associated with reduced carbon consumption and an improved water
transport capacity in the roots but not with changes in the regulation of water loss from the
leaves. Focus on anatomical traits could contribute to future increases in crop yield.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/plants13081075/s1. Yield and yield components of 20 winter wheat
genotypes and a path analysis of yield components. Table S1: Mean yield and yield components
(thousand kernel weight, number of grains per spike, and the number of spikes per m2 [spike density])

https://www.mdpi.com/article/10.3390/plants13081075/s1
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of 20 winter wheat genotypes in the growing season 2020–2021 in central China. Standard error in
parentheses; Table S2: The results of path analysis of yield components in winter wheat. The three
yield components all had a positively significant influence on yield (p < 0.001). Spike density had the
highest coefficient among the three yield components. Grain number made a greater contribution
to yield than did grain weight; Figure S1: Relationship between yield and year of release. When
more than one cultivar was released in the same year, all are included in the average; Figure S2:
Relationships between yield and abaxial stomatal density in wheat in a field study in Zhuanglang,
Gansu, China (P. Du, unpublished).

Author Contributions: F.-M.L. and P.D. conceived the idea; Y.-H.Z. conducted the field study and
collected the samples; Z.S. and P.D. took measurements of the anatomical traits; P.D., F.-M.L., J.W.
and Y.-H.Z. analyzed the data, P.D., F.-M.L., J.W., Y.-H.Z., H.L. and T.F. wrote the manuscript. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by funding from the China Postdoctoral Science Foundation
(2020M681634), Natural Science Foundation of China (32372225), the ‘111’ Programme 2.0 (BP0719040),
the Natural Science Foundation of Gansu Province (22JR5RA177; 23JRRA627).

Data Availability Statement: The data associated with this study have been deposited on Figshare:
https://doi.org/10.6084/m9.figshare.24265216 (accessed on 7 October 2023).

Acknowledgments: We thank Juping Gan for the assistance with collecting the samples in the
experimental field, Liping Guan for the assistance with the use of the upright light microscope,
Xueqian Tian and Zhongqiang Liao for their assistance with the use of the vibratome, Fuyu Chen and
Xiaoyan Shi for their technical assistance during the experiment and the four anonymous reviewers
for their helpful comments on the manuscript.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Weiner, J. Looking in the Wrong Direction for Higher-Yielding Crop Genotypes. Trends Plant Sci. 2019, 24, 927–933. [CrossRef]
2. Milla, R.; Osborne, C.P.; Turcotte, M.M.; Violle, C. Plant domestication through an ecological lens. Trends Ecol. Evol. 2015,

30, 463–469. [CrossRef] [PubMed]
3. York, L.M.; Galindo-Castaneda, T.; Schussler, J.R.; Lynch, J.P. Evolution of US maize (Zea mays L.) root architectural and anatomical

phenes over the past 100 years corresponds to increased tolerance of nitrogen stress. J. Exp. Bot. 2015, 66, 2347–2358. [CrossRef]
[PubMed]

4. Lux, A.; Luxová, M.; Abe, J.; Morita, S. Root cortex: Structural and functional variability and responses to environmental stress.
Root Res. 2004, 29, 117–131. [CrossRef]

5. Schröder, M.; Kunz, U.; Stelzer, R.; Lehmann, H. On the evidence of a diffusion barrier in the outer cortex apoplast of cress-roots
(Lepidium sativum), demonstrated by analytical electron microscopy. J. Plant Physiol. 2002, 159, 1197–1204. [CrossRef]

6. Zhou, M.; Bai, W.; Li, Q.; Guo, Y.; Zhang, W. Root anatomical traits determined leaf-level physiology and responses to precipitation
change of herbaceous species in a temperate steppe. New Phytol. 2021, 229, 1481–1491. [CrossRef] [PubMed]

7. Chimungu, J.G.; Brown, K.M.; Lynch, J.P. Reduced Root Cortical Cell File Number Improves Drought Tolerance in Maize. Plant
Physiol. 2014, 166, 1943–1955. [CrossRef] [PubMed]

8. Galindo-Castañeda, T.; Brown, K.M.; Lynch, J.P. Reduced root cortical burden improves growth and grain yield under low
phosphorus availability in maize. Plant Cell Environ. 2018, 41, 1579–1592. [CrossRef]

9. Kong, D.; Wang, J.; Valverde-Barrantes, O.J.; Kardol, P. A framework to assess the carbon supply–consumption balance in plant
roots. New Phytol. 2021, 229, 659–664. [CrossRef] [PubMed]

10. Yamauchi, T.; Pedersen, O.; Nakazono, M.; Tsutsumi, N. Key root traits of Poaceae for adaptation to soil water gradients. New
Phytol. 2021, 229, 3133–3140. [CrossRef] [PubMed]

11. Zhu, J.; Brown, K.M.; Lynch, J.P. Root cortical aerenchyma improves the drought tolerance of maize (Zea mays L.). Plant Cell
Environ. 2010, 33, 740–749. [CrossRef] [PubMed]

12. Zhang, Y.; Cao, J.-J.; Yang, Q.-P.; Wu, M.-Z.; Zhao, Y.; Kong, D.-L. The worldwide allometric relationship in anatomical structures
for plant roots. Plant Divers. 2023, 45, 621–629. [CrossRef] [PubMed]

13. Fageria, N.K.; Virupax, C.B.; Ralph, C. Physiology of Crop Production; CRC Press: Boca Raton, FL, USA, 2006.
14. Lynch, J.P. Root phenes that reduce the metabolic costs of soil exploration: Opportunities for 21st century agriculture. Plant Cell

Environ. 2015, 38, 1775–1784. [CrossRef]
15. Lynch, J.P. Steep, cheap and deep: An ideotype to optimize water and N acquisition by maize root systems. Ann. Bot. 2013,

112, 347–357. [CrossRef] [PubMed]
16. Zhu, Y.-H.; Weiner, J.; Yu, M.-X.; Li, F.-M. Evolutionary agroecology: Trends in root architecture during wheat breeding. Evol.

Appl. 2019, 12, 733–743. [CrossRef]

https://doi.org/10.6084/m9.figshare.24265216
https://doi.org/10.1016/j.tplants.2019.07.001
https://doi.org/10.1016/j.tree.2015.06.006
https://www.ncbi.nlm.nih.gov/pubmed/26138385
https://doi.org/10.1093/jxb/erv074
https://www.ncbi.nlm.nih.gov/pubmed/25795737
https://doi.org/10.3117/rootres.13.117
https://doi.org/10.1078/0176-1617-00767
https://doi.org/10.1111/nph.16797
https://www.ncbi.nlm.nih.gov/pubmed/32645210
https://doi.org/10.1104/pp.114.249037
https://www.ncbi.nlm.nih.gov/pubmed/25355868
https://doi.org/10.1111/pce.13197
https://doi.org/10.1111/nph.16807
https://www.ncbi.nlm.nih.gov/pubmed/32654148
https://doi.org/10.1111/nph.17093
https://www.ncbi.nlm.nih.gov/pubmed/33222170
https://doi.org/10.1111/j.1365-3040.2009.02099.x
https://www.ncbi.nlm.nih.gov/pubmed/20519019
https://doi.org/10.1016/j.pld.2023.05.002
https://www.ncbi.nlm.nih.gov/pubmed/38197011
https://doi.org/10.1111/pce.12451
https://doi.org/10.1093/aob/mcs293
https://www.ncbi.nlm.nih.gov/pubmed/23328767
https://doi.org/10.1111/eva.12749


Plants 2024, 13, 1075 15 of 16

17. Weiner, J.; Du, Y.; Zhang, C.; Qin, X.; Li, F. Evolutionary agroecology: Individual fitness and population yield in wheat (Triticum
aestivum). Ecology 2017, 98, 2261–2266. [CrossRef] [PubMed]

18. Hendel, E.; Bacher, H.; Oksenberg, A.; Walia, H.; Schwartz, N.; Peleg, Z. Deciphering the genetic basis of wheat seminal root
anatomy uncovers ancestral axial conductance alleles. Plant Cell Environ. 2021, 44, 1921–1934. [CrossRef] [PubMed]

19. Donald, C.M. Competitive plants, communal plants, and yields in wheat crops. In Wheat Science—Today and Tomorrow; Evans,
L.T., Peacock, W.J., Eds.; Cambridge University Press: Cambridge, UK, 1981; pp. 223–247.

20. Fahad, S.; Khan, F.A.; Pandupuspitasari, N.; Hussain, S.; Khan, I.A.; Saeed, M.; Saud, S.; Hassan, S.; Adnan, M.; Amanullah; et al.
Suppressing photorespiration for the improvement in photosynthesis and crop yields: A review on the role of S-allantoin as a
nitrogen source. J. Environ. Manag. 2019, 237, 644–651. [CrossRef] [PubMed]

21. Lovett Doust, J. Plant reproductive strategies and resource allocation. Trends Ecol. Evol. 1989, 4, 230–234. [CrossRef] [PubMed]
22. Wang, T.; Du, Y.-L.; He, J.; Turner, N.C.; Wang, B.-R.; Zhang, C.; Cui, T.; Li, F.-M. Recently-released genotypes of naked oat (Avena

nuda L.) out-yield early releases under water-limited conditions by greater reproductive allocation and desiccation tolerance.
Field Crop. Res. 2017, 204, 169–179. [CrossRef]

23. Wang, F.; Xie, R.; Ming, B.; Wang, K.; Hou, P.; Chen, J.; Liu, G.; Zhang, G.; Xue, J.; Li, S. Dry matter accumulation after silking
and kernel weight are the key factors for increasing maize yield and water use efficiency. Agric. Water Manag. 2021, 254, 106938.
[CrossRef]

24. Zhang, X.-F.; Luo, C.-L.; Ren, H.-X.; Mburu, D.; Wang, B.-Z.; Kavagi, L.; Wesly, K.; Nyende, A.B.; Xiong, Y.-C. Water productivity
and its allometric mechanism in mulching cultivated maize (Zea mays L.) in semiarid Kenya. Agric. Water Manag. 2021,
246, 106647. [CrossRef]

25. He, J.; Du, Y.-L.; Wang, T.; Turner, N.C.; Yang, R.-P.; Jin, Y.; Xi, Y.; Zhang, C.; Cui, T.; Fang, X.-W.; et al. Conserved water use
improves the yield performance of soybean (Glycine max (L.) Merr.) under drought. Agric. Water Manag. 2017, 179, 236–245.
[CrossRef]

26. Zhou, C.; Zhang, R.; Ning, X.; Zheng, Z. Spatial-Temporal Characteristics in Grain Production and Its Influencing Factors in the
Huang-Huai-Hai Plain from 1995 to 2018. Int. J. Environ. Res. Public Health 2020, 17, 9193. [CrossRef] [PubMed]

27. Wei, N.; Wang, N.; Zheng, Y.; Liu, H. Contribution of climate change and urbanization to the variation of extreme precipitation in
the urban agglomerations over the Loess Plateau. Hydrol. Process. 2022, 36, e14489. [CrossRef]

28. Li, H.; Zhang, D. Morphological characteristics and growth redundancy of spring wheat root system in semi-arid regions. Chin. J.
Appl. Ecol. 1999, 10, 26–30.

29. Passioura, J.B. Roots and drought resistance. Agric. Water Manag. 1983, 7, 265–280. [CrossRef]
30. Richards, R.A.; Passioura, J.B. Seminal root morphology and water-use of wheat. 1. Environmental effects. Crop Sci. 1981,

21, 249–252. [CrossRef]
31. Richards, R.A.; Passioura, J.B. Seminal root morphology and water use of wheat. II. Genetic variation. Crop Sci. 1981, 21, 253–255.

[CrossRef]
32. Richards, R.; Passioura, J. A breeding program to reduce the diameter of the major xylem vessel in the seminal roots of wheat and

its effect on grain yield in rain-fed environments. Aust. J. Agric. Res. 1989, 40, 943–950. [CrossRef]
33. Voss-Fels, K.P.; Snowdon, R.J.; Hickey, L.T. Designer roots for future crops. Trends Plant Sci. 2018, 23, 957–960. [CrossRef]
34. Cossani, C.M.; Sadras, V.O. Symmetric response to competition in binary mixtures of cultivars associates with genetic gain in

wheat yield. Evol. Appl. 2021, 14, 2064–2078. [CrossRef] [PubMed]
35. Donald, C.M. The breeding of crop ideotypes. Euphytica 1968, 17, 385–403. [CrossRef]
36. Brunel-Saldias, N.; Ferrio, J.P.; Elazab, A.; Orellana, M.; del Pozo, A. Root Architecture and Functional Traits of Spring Wheat

Under Contrasting Water Regimes. Front. Plant Sci. 2020, 11, 581140. [CrossRef]
37. Sadras, V.; Lawson, C. Nitrogen and water-use efficiency of Australian wheat varieties released between 1958 and 2007. Eur. J.

Agron. 2013, 46, 34–41. [CrossRef]
38. Prince, S.J.; Murphy, M.; Mutava, R.N.; Durnell, L.A.; Valliyodan, B.; Shannon, J.G.; Nguyen, H.T. Root xylem plasticity to

improve water use and yield in water-stressed soybean. J. Exp. Bot. 2017, 68, 2027–2036. [CrossRef]
39. Fonta, J.E.; Giri, J.; Vejchasarn, P.; Lynch, J.P.; Brown, K.M. Spatiotemporal responses of rice root architecture and anatomy to

drought. Plant Soil 2022, 479, 443–464. [CrossRef]
40. Cabello, J.V.; Chan, R.L. Arabidopsis and sunflower plants with increased xylem area show enhanced seed yield. Plant J. 2019, 99,

717–732. [CrossRef]
41. Chen, D.G.; Zhou, X.Q.; Chen, K.; Chen, P.L.; Guo, J.; Liu, C.G.; Chen, Y.D. Fine-mapping and candidate gene analysis of a major

locus controlling leaf thickness in rice (Oryza sativa L.). Mol. Breed. 2022, 42, 6. [CrossRef] [PubMed]
42. Chen, Y.; Wan, B.; Zhang, X. Plant ideotype at heading for super high-yielding rice in double cropping system in south China.

Rice Sci. 2005, 12, 92–100.
43. Sadras, V.; Lawson, C.; Montoro, A. Photosynthetic traits in Australian wheat varieties released between 1958 and 2007. Field

Crop. Res. 2012, 134, 19–29. [CrossRef]
44. Gaju, O.; Reynolds, M.P.; Sparkes, D.L.; Foulkes, M.J. Relationships between large-spike phenotype, grain number, and yield

potential in spring wheat. Crop Sci. 2009, 49, 961–973. [CrossRef]
45. Philipp, N.; Weichert, H.; Bohra, U.; Weschke, W.; Schulthess, A.W.; Weber, H. Grain number and grain yield distribution along

the spike remain stable despite breeding for high yield in winter wheat. PLoS ONE 2018, 13, e0205452. [CrossRef] [PubMed]

https://doi.org/10.1002/ecy.1934
https://www.ncbi.nlm.nih.gov/pubmed/28783218
https://doi.org/10.1111/pce.14035
https://www.ncbi.nlm.nih.gov/pubmed/33629405
https://doi.org/10.1016/j.jenvman.2019.02.082
https://www.ncbi.nlm.nih.gov/pubmed/30870683
https://doi.org/10.1016/0169-5347(89)90166-3
https://www.ncbi.nlm.nih.gov/pubmed/21227356
https://doi.org/10.1016/j.fcr.2017.01.017
https://doi.org/10.1016/j.agwat.2021.106938
https://doi.org/10.1016/j.agwat.2020.106647
https://doi.org/10.1016/j.agwat.2016.07.008
https://doi.org/10.3390/ijerph17249193
https://www.ncbi.nlm.nih.gov/pubmed/33317001
https://doi.org/10.1002/hyp.14489
https://doi.org/10.1016/0378-3774(83)90089-6
https://doi.org/10.2135/cropsci1981.0011183X002100020011x
https://doi.org/10.2135/cropsci1981.0011183X002100020012x
https://doi.org/10.1071/AR9890943
https://doi.org/10.1016/j.tplants.2018.08.004
https://doi.org/10.1111/eva.13265
https://www.ncbi.nlm.nih.gov/pubmed/34429749
https://doi.org/10.1007/BF00056241
https://doi.org/10.3389/fpls.2020.581140
https://doi.org/10.1016/j.eja.2012.11.008
https://doi.org/10.1093/jxb/erw472
https://doi.org/10.1007/s11104-022-05527-w
https://doi.org/10.1111/tpj.14356
https://doi.org/10.1007/s11032-022-01275-y
https://www.ncbi.nlm.nih.gov/pubmed/35103045
https://doi.org/10.1016/j.fcr.2012.04.012
https://doi.org/10.2135/cropsci2008.05.0285
https://doi.org/10.1371/journal.pone.0205452
https://www.ncbi.nlm.nih.gov/pubmed/30304020


Plants 2024, 13, 1075 16 of 16

46. Shearman, V.J.; Sylvester-Bradley, R.; Scott, R.K.; Foulkes, M.J. Physiological Processes Associated with Wheat Yield Progress in
the UK. Crop. Sci. 2005, 45, 175–185. [CrossRef]

47. Quintero, A.; Molero, G.; Reynolds, M.P.; Calderini, D.F. Trade-off between grain weight and grain number in wheat depends on
GxE interaction: A case study of an elite CIMMYT panel (CIMCOG). Eur. J. Agron. 2018, 92, 17–29. [CrossRef]

48. Zhai, H.; Feng, Z.; Du, X.; Song, Y.; Liu, X.; Qi, Z.; Song, L.; Li, J.; Li, L.; Peng, H.; et al. A novel allele of TaGW2-A1 is located in a
finely mapped QTL that increases grain weight but decreases grain number in wheat (Triticum aestivum L.). Theor. Appl. Genet.
2018, 131, 539–553. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.2135/cropsci2005.0175a
https://doi.org/10.1016/j.eja.2017.09.007
https://doi.org/10.1007/s00122-017-3017-y

	Introduction 
	Materials and Methods 
	Plant Materials and Growth Conditions 
	Measurements of the Leaf and Root Anatomical Traits 
	Statistical Analyses 

	Results 
	Yield and Yield Components 
	The Relationships between the Root and Leaf Anatomical Traits and Population Yield 
	Relationships between the Root and Leaf Anatomical Traits and Yield Components 
	Results of Principal Component Analysis of Root and Leaf Anatomical Traits 

	Discussion 
	Root Anatomical Traits and Yield 
	Leaf Anatomical Traits and Yield 
	Root and Leaf Anatomical Traits and Yield Components 

	Conclusions 
	References

