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Highlights 
Roots use ethylene to sense soil com-
paction due to restricted ethylene diffu-
sion in soil micropores. 

Ethylene uses abscisic acid and auxin as 
downstream signals to regulate root 
adaptive responses in compacted soil 
conditions. 

Ethylene promotes lignification of outer 
cortical cells, providing mechanical sta-
bility for penetrating roots in compacted 
Soil compaction is an agricultural challenge with profound influence on the phys-
ical, chemical, and biological properties of the soil. It causes drastic changes by 
increasing mechanical impedance, reducing water infiltration, gaseous ex-
change, and biological activities. Soil compaction hinders root growth, limiting 
nutrient and water foraging abilities of plants. Recent research reveals that 
plant roots sense soil compaction due to higher ethylene accumulation in and 
around root tips. Ethylene orchestrates auxin and abscisic acid as downstream 
signals to regulate root adaptive responses to soil compaction. In this review, 
we describe the changes inflicted by soil compaction ranging from cell to 
organ scale and explore the latest research regarding plant root compaction 
sensing and response. 
1 Plant and Crop Science, School of 
Biosciences, University of Nottingham, 
Nottingham, LE12 5RD, UK 

*Correspondence: 
bipin.pandey@nottingham.ac.uk 
(B.K. Pandey). 

soil. 

Mechanosensing eases root penetration 
by regulating root cap cell sloughing in 
compacted soil. 

Ethylene also helps regulate the naviga-
tion strategies of root tips when encoun-
tering mechanical obstacles.
The soil compaction problem 
Modern agriculture has increasingly relied on the use of heavy machinery to meet the demands of 
a growing global population. Heavy machinery adoption will continue growing if enough food is to 
be produced for an expected world population of 10 billion by 2050. However, the use of heavy 
machines causes soil compaction, and the weight of agricultural machines has been increasing in 
the last 60 years [1], intensifying detrimental effects of soil compaction. 

The compaction problem is complex because it impacts all soil compartments (i.e., physical, 
chemical, and biological). Compaction is caused not only by heavy machines but also by animals, 
cattle, and even humans [1,2]. Moreover, climate change is increasing the frequency and intensity 
of drought or flooding events, which can exacerbate the negative effects of soil degradation such 
as compaction. In plants, soil compaction greatly reduces root biomass, more than shoot 
biomass, as the mechanical impedance imposed by the soil restricts root growth, leading to 
lower water and nutrient uptake [3]. Ultimately, the detrimental effects of soil compaction drasti-
cally reduce the yield of staple crops (e.g., rice, wheat, soybean, and corn) [4]. The threat of soil 
compaction on food security, combined with climate change and the increasing world population 
[5,6], creates an intricate scenario that requires a holistic solution to these issues, particularly the 
development of compaction-resilient crops. 

To develop such compaction-resilient crops, we need to understand the mechanisms under-
pinning soil compaction sensing and responses from molecular to plant scale. A pioneer 
work proposed a model by which roots sense compacted soils via the accumulation of the gas-
eous hormone ethylene [7]. Later, it was demonstrated that other hormones [auxins, abscisic 
acid (ABA)] are involved in the response of roots to compacted soil [8], which illustrates the 
complex ecophysiological responses by plants. Furthermore, it is imperative to identify the 
root anatomical traits that are favorable under soil compaction scenarios that allow roots to 
grow better and deeper to increase soil foraging. Ultimately, these questions can only be 
answered by interdisciplinary approaches because they involve soil science, molecular biology,
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mathematical modeling, and physiology. Fortunately, there is an increasing trend in research 
advocated to study soil compaction [9]. The present review aims to describe the latest research 
in these aspects and proposes the ideal root model for soil compaction-resilient crops.

Soil compaction: a complex stress 
Physical, chemical, and biological changes 
Soil compaction increases soil hardness, reduces soil porosity, and creates mechanical imped-
ance stress. Bulk density (BD; g cm−3 ) is a quick measurement that reflects how compacted a 
soil is, indicating how much mass of dry soil is present in a given volume; higher BD indicates 
higher compaction [10]. Increases in BD reduce the size of soil pores affecting mainly macropores 
as well as pore interconnectivity. With decreasing pore interconnection, proportion of gas-filled 
pores, and pore size, gas diffusivity is restricted [11] (Figure 1). As the soil becomes denser and 
harder, the mechanical impedance imposed by the soil increases and roots require more strength 
to grow into it. It has been suggested that mechanical impedance can be the main root growth– 
limiting factor in the soil if it reaches values of approximately 2 MPa (measured with a penetrom-
eter) in plants such as maize or peanut [12]. Although BD is a useful indicator of soil compaction, 
soil properties such as soil type, texture, water content, or organic matter directly influence the 
soil deformation capacity [13]. This means that detrimental effects caused by compaction can 
be seen at different BD values across soils. As a specific example from a case study, volcanic 
ash soils present negative effects at lower BD values (0.85 g cm−3 ) compared with clay loam 
soils (1.39 g cm−3 ) because they have different properties [14,15]. Therefore, care must be 
taken when comparing different soil BDs; one must consider the soil properties to contextualize 
the BD value. 
TrendsTrends inin PlantPlant ScienceScience 

Figure 1. Soil compaction modulates root system architecture. Comparative figure showing root trait responses in noncompacted versus compacted soil 
conditions. Compacted soil environments reduce the ability of plant roots to explore soil resources due to inhibited root growth and reduced branching. However, 
roots tend to develop longer root hairs and thicker roots to maximize resource acquisition and provide mechanical support for root tip penetration in compacted soil. 
The modulation of root system architecture is primarily regulated by changes in soil structure, which affect gaseous and fluid diffusion due to reduced soil pore volume 
and a disrupted soil pore network in compacted soil conditions.
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The increased soil hardness or BD can occur at both the topsoil and deeper soil layers [16]. 
Compacted topsoil can be broken with tillage methods, although excessive tillage can have det-
rimental effects on the soil health, such as soil erosion [17]. Remediation techniques aimed at 
subsoil compacted layers also exist, but research on the benefits of such methods is scarce, 
and not all remediation methods are effective for all soil types [18]. Although most attention is 
given to the topsoil layers because that is where compaction is most detrimental to root growth 
[19], increased penetration resistance imposed by the subsoil compaction cannot be ignored. 
Because the weight of farm machinery has the most impact on subsoil compaction and these 
machines have been made heavier and heavier every year for several decades, the risk of chronic 
subsoil compaction is increasing, with potential effects on soil function and productivity [1]. Thus, 
both soil layers must be considered for the design of compaction-resilient crops. 

Increasing soil BD also has detrimental effects in the hydraulic dynamics of the soil: Depending on 
the type of soil, a 10%–20% increase in BD can reduce water infiltration capacity up to 82% and 
water storage capacity to 49% [13]. Harder topsoil also increases runoff events [20], which further 
degrades the soil by removing nutrients and organic matter [21]. Moreover, soil water retention is 
higher in compacted soils, reducing soil water availability [22] (Figure 1). Higher water retention 
and lower pore size and interconnection affect the gas exchange with the atmosphere [11]. 
Limited air exchange with the atmosphere restricts O2 supply to the soil. If O2 consumption is 
higher than supply, it can lead to hypoxic conditions [23]. Hypoxic or anoxic conditions changes 
the soil redox potential to a reduced state. Both the reduced soil state and the presence of anaer-
obic bacteria facilitate the shift of soil elements such as manganese and iron oxides to their 
reduced form [19,24,25], and these forms are known phytotoxins [26]. 

Compaction has negative effects on macrofauna organisms, too, such as earthworms. Although 
microflora and microfauna are not capable of directly modifying the soil structure, earthworms 
can change and improve soil structure due to their mass [27,28]. They contribute to nutrient 
and organic matter cycling, creating soil biopores and overall helping to sustain or enhance soil 
quality [29]. In a case study, a slight increase in BD from 1.46 to 1.57 resulted in a significant 
decline in both the number of adult earthworms and their biomass. Despite earthworms’ biomass 
increase after 3 months of compaction, soil porosity, soil infiltration capacity, and earthworm 
burrow network took approximately 2 years to fully recover. Thus, compaction has negative 
effects not only on soil properties but also on soil organisms that directly contribute to improve-
ment of the soil quality [30]. 

Soil compaction is linked to other abiotic stresses 
Soil compaction sets off a cascade of several changes affecting soil quality, soil respiration, water 
and nutrient availability, and potential phytotoxins, to mention a few. Thus, soil compaction 
carries, to a certain extent, oxygen, nutrient, and water stresses. Nevertheless, these stresses 
could be further exacerbated by floods or drought, and it is expected that such combination 
would aggravate the stress level. For example, both soil waterlogging [23] and  compaction
reduce O2 in the soil, thus imposing a more severe stress for plant growth. Indeed, wheat field 
trials showed that soil compaction combined waterlogging reduced grain yield by affecting the 
number of spikes and affected growth depending on the plant stage [31]. Combining compaction 
with salinity exacerbated the reduction in root length density and K+ uptake [32]. In addition, sodic 
subsoils subjected to compaction add additional challenges to the salinity stress due to reduced 
soil porosity and increased mechanical strength [33]. Soil compaction combined with drought fur-
ther reduced the water potential of the soil, leaves, and roots [34]. Furthermore, a study analyzed 
various wheat hybrids with contrasting susceptibilities to drought and compaction, trying to 
assess responses to individual and combined effects of these two stresses. Albeit it is difficult
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to separate the effects of compaction and drought, their results indicated that there was a strong 
interaction between the two stresses on growth and various physiological traits, depending on 
the hybrid genotypes [35]. In peanut, combining N deficiency with soil compaction led to a signif-
icant decline in shoot biomass and impacted the capacity of nodule formation in the roots while 
intensifying the decline in the accumulation of metabolites related to the tricarboxylic acid cycle 
already caused by N deficiency [36]. 

Compaction sensing and responses from molecular to plant scale 
Sensing soil compaction 
Regulatory mechanisms of root in sensing and responding to soil compaction. Soil compaction 
has a significant physiological impact on the entire plant system, leading to reduced stomatal 
conductivity, photosynthesis, carbon assimilation, leaf area, and shoot biomass in various crop 
species [6]. However, as the primary interface between the plant and soil, the root and root sys-
tem architecture (RSA) are extremely sensitive to the soil compaction (Figure 1). The alteration of 
RSA facing soil compaction includes severe growth reduction, suppression of branching, root 
hair elongation, crown root number enhancement, and thickening of roots [4,22,37,38]. 

Soil compaction increases the impedance of root growth, leading to decreased total root length 
and increased root diameter [4,22]. In rice, soil compaction reduces primary root growth by 30% 
by limiting the elongation of epidermal cells [8]. Moreover, in the elongation and differentiation 
zone, compaction induces the cortical cell layers’ radial expansion and thicker root dimeters 
[39]. However, the biological significance of increased root diameter under soil compaction 
remains controversial. Earlier studies suggested that the thicker roots have a greater capability 
to explore hard soil, because radial expansion provides higher mechanical support and reduces 
the risk of root buckling while root penetrates the compacted soil [40–42]. However, recent 
evidence revealed that thinner root may be more advantageous for plants in dealing with the 
compacted soil, and stronger mechanical support from enhanced root anatomical features is 
also crucial for better performance in compacted fields [7,8,43,44]. 

Although compacted soil is attributed to higher mechanical impedance, which inhibits root 
growth, the role of mechanosensing in compaction stress remains unclear. When root tips initially 
encounter a hard soil aggregate (compacted soil), mechanosensing pathways may regulate the 
direction of root growth and prompt swift responses to avoid the hard soil. Notably, root growth 
through a compacted soil layer is distinct compared with root tips just touching a mechanical 
obstacle, because the former involves significant structural changes in soil physical properties, 
limiting gas exchanges, water movement, despite inflicting physical stress. Therefore, it appears 
that mechanosensing may prime root tips by alerting them to mechanical barriers. However, 
during sustained growth through compacted soil, restricted diffusion-based signaling paradigms 
seem to play a key role that guides the root tip growth by assessing the accumulation of gases 
such as ethylene. 

Ca2+-mediated mechanosensing. To decipher how plants respond to soil compaction, the first 
step is to elucidate the underlying sensing mechanisms. According to conventional understand-
ing, roots struggle to penetrate compacted soils because the axial growth force exerted by the 
root tips is less than the mechanical resistance presented by the compacted soil. Thus, roots 
are thought to sense the soil compaction by detecting mechanical stress. Following this idea, 
mechanical sensing–associated genes in Arabidopsis have been identified with a hard agar-
based genetic screening (Figure 2). The first identified mechanical sensing–related regulator is 
Mid1-complementing activity 1 (MCA1) [45–47]. MCA1 is a plasma membrane–localized Ca2+ 

channel that mediates the mechanical stress–induced Ca2+ influx, resulting in cytoplasmic Ca2+
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Figure 2. How plant roots sense and respond to soil compaction. High bulk density of soil causes increased 
mechanical impedance for root penetration due to enhanced soil strength. This high bulk density reduces macroporosity, 
leading to restricted diffusion of the gaseous hormone ethylene. Trapped ethylene in soil micropores induces elevated 
ethylene signaling, which reduces root tip elongation, promotes longer root hairs, and causes swelling of root tips. Ethylene 
uses abscisic acid (ABA) and auxin (Aux) as downstream signals to regulate root thickening and elongation responses, 
respectively. Ethylene signaling enhances auxin biosynthesis through YUC8 at root tips, which is then redistributed to 
elongation and differentiation zones by the AUX1 transporter. Mechanical stress, such as that caused by high-density agar, 
also promotes Ca2+ waves through mechanosensitive ion channels such as Mid1-complementing activity 1 (MCA1) and 
PZO1. Feronia (FER; a mechanosensitive receptor–like kinase) regulates Ca2+ fluxes and coordinates the sloughing of lateral 
root cap cells during root tip penetration in high-density agar systems. Abbreviation: MCS, multiseriate cortical sclerenchyma.
oscillation. In mca1-null mutant, the primary root cannot penetrate hard agar, revealing the crucial 
role of Ca2+ signaling in mechanotransduction [45]. In animals, Piezo1 and 2 are essential com-
ponents of mechanically activated cation channels [48]. Piezo2 has been determined as the 
major transducer of mechanical forces for touch sensation in mice [49]. Arabidopsis encodes 
an ortholog of Piezo1 and 2 named PZO1 [50]. The expression level of PZO1 in roots can be sig-
nificantly induced by the hard agar mimicked mechanical stress. Loss function of PZO1 reduces 
the cytosolic Ca2+ response and partially dismisses the capability of root penetration into the 
harder agar plate, supporting the Ca2+-dependent mechanosensing [50]. The mechanical stimu-
lation inducing transient cytosolic Ca2+ is regulated by the receptor-like kinase FERONIA (FER) 
[51]. In fer mutants, the Ca2+ oscillation was impaired after mechanical bending or local touch 
stimulation, leading to reduced expression of several downstream touch inducible genes.
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Furthermore, the fer mutants were defective in response to various mechanical stresses, such as 
reduced penetration to the hard agar and abnormal tracking response encountering an impene-
trable barrier [52,53]. Although these results support the hypothesis that Ca2+ signaling is 
essential for mechanical sensing, it remains unknown whether the hard agar approach prop-
erly mimics the mechanical stress as well as physical and biological stresses arising from soil 
compaction.

Sensing soil compaction with the phytohormone ethylene. In addition to mechanical stimulation, 
soil compaction increases soil BD and decreases porosity, particularly reducing macropores 
(Figure 1), which disrupts the conduction between soil macropores and limits gas exchange 
[22,53]. A recent finding discovered that roots use ethylene, a gaseous phytohormone, to 
sense the soil compaction [7]. The compacted soil builds a physical barrier that restricts ethylene 
diffusion, leading to the accumulation of root-released ethylene in the rhizosphere (Figure 2). This 
high concentration of ethylene in the rhizosphere can activate the endogenous ethylene signaling 
pathway in the root tip. Likewise, exogenous ethylene treatments can inhibit primary root growth 
and induce root radial expansion, precisely mimicking the typical root phenotype observed under 
soil compaction. Moreover, the rice ethylene insensitive mutants, osein2 and oseil1, are unable to 
respond to ethylene and penetrate the compacted soil. This study identified restricted ethylene 
diffusion rather than mechanical forces as the primary signal to sense soil compaction and estab-
lished the ethylene signaling pathway as the core mechanism to regulate root response to soil 
compaction [7]. 

Plant responses to soil compaction 
Modulating soil compaction response through an ethylene-ABA-auxin hormonal network 
The next question is  how  the ethylene signaling pathway controls the root response to soil 
compaction (Figure 2). Several phytohormones, including auxin and ABA, have been reported 
as downstream targets of ethylene signaling [54,55]. A pioneer study identified the coordination 
between auxin and ABA as crucial downstream regulatory targets of ethylene during rice root 
response to soil compaction [8]. In compacted soil, many ABA biosynthesis genes, such as 
MHZ4 [54], MHZ5 [55], and ABA2 [56], are induced, leading to high ABA concentration in the 
root. Exogenous ABA treatment can induce the root radial expansion in wild-type plants and eth-
ylene insensitive mutants, osein2 and oseil1, indicating that ABA functions downstream of ethyl-
ene signal to regulate the root thickening under soil compaction. Consistently, the ABA 
biosynthesis mutants, osmhz4, osmhz5, osaba1, and osaba2, showed less primary root growth 
inhibition and radial expansion, confirming that ABA serves as an essential regulator in response 
to soil compaction. Soil compaction causes auxin accumulation in rice root epidermal cells. This 
epidermal accumulation of auxin is mediated by YUC8-involved auxin biosynthesis [57] and
AUX1-mediated auxin transport [58]. The knockout mutants of YUC8 and AUX1 showed better 
root penetration under soil compaction. The genetic and physiological evidence indicates that 
auxin accumulation during soil compaction inhibits primary root growth but did not affect root ra-
dial expansion. This study revealed that ABA and auxin are downstream regulatory components 
of the ethylene signaling pathway in dealing with soil compaction, but they have unique roles in 
modulating radial expansion and root growth inhibition. 

A recently defined root trait called ‘multiseriate cortical sclerenchyma’ (MCS), a set of highly 
lignified outer cortical cells, enhances the mechanical support for root penetration of compacted 
soil by increasing tensile strength and root tip resilience [59]. MCS exhibits heritable natural vari-
ations among different varieties of maize, wheat, and barley. Interestingly, exogenous ethylene 
treatment can promote the MCS development in non-MCS maize genotypes by modulating its 
initiation. With higher lignin deposition in the cell wall, maize genotypes with MCS showed
6 Trends in Plant Science, Month 2024, Vol. xx, No. xx
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significantly better root penetration and greater shoot biomass than non-MCS genotypes in 
compacted soil under the field condition, without affecting normal plant growth in noncompacted 
soil. Genome-wide association mapping study (GWAS) identified an MEI2-like RNA binding 
protein highly associated with the MCS phenotype variation. This striking discovery highlights 
that the lignified MCS is a vital downstream output of ethylene, enabling roots to adapt to 
compacted soil [59]. 

In addition to its core role in sensing and responding to soil compaction, ethylene also participates 
in root circumnutation. Root circumnutation, the helical movement of the root tip, was first 
observed by Charles and Francis Darwin during their classical study of plant tropisms [60]. This 
circumnutation was proposed to facilitate the root penetration in the heterogeneous soil by 
enabling the root tip to navigate past obstacles, such as rocks and compacted soil compartments. 
Recently, a regulatory network coordinating ethylene, auxin, and cytokinin was identified as a cen-
tral mechanism in establishing root circumnutation [61]. Loss of function in OsHK1/MHZ1, which 
encodes the rice histidine kinase 1 and acts as a positive regulator of ethylene response [62], 
results in the complete loss of the organized circumnutational pattern during primary root growth 
and simultaneously increasing the primary root length. Genetic and physiological evidence demon-
strated that OsHK1/MHZ1 promotes the root circumnutation via downstream cytokinin and auxin 
response. Interestingly, through a series of experiments simulating root growth encountering 
obstacles in heterogeneous soil, researchers discovered that circumnutational growth of roots 
helps them bypass hard obstacles in the soil during early growth stages. This adaptation enables 
the roots to penetrate deeper into the soil, facilitating better seedling establishment. 

Design principle of crop roots resistant to compacted soil 
Roots, the prime site of nutrient and water absorption, constitute a vital nexus for plant growth 
and development. Soil compaction has profound ramifications on root architecture, including 
growth inhibition, radial expansion of root cells, and diminished branching. Ethylene-insensitive 
lines penetrate the compacted soil conditions in rice, Arabidopsis, and maize [7,44]. However, 
ethylene-insensitive mutants have several pleiotropic defects, such as compromised responses 
to biotic challenges, stunted plant growth, and poor yields. Therefore, designing tissue-specific 
(root tip) ethylene-insensitive plants can provide compaction resistance without compromising 
ethylene signaling in the entire plant. More realistically, identifying less ethylene-sensitive plants 
from natural germplasm can open the window to test them in hard soil conditions. Thus, allele 
mining for ethylene insensitivity in large germplasm collections can bypass the negative impact 
of ethylene insensitivity on overall plant growth and development. The compaction-resistant 
crops can improve the subsoil structure. For example, perennial crops improve soil structure 
because they tend to have deeper and more extensive root systems than annual crops, allowing 
them to penetrate deeper into compacted subsoil layers [63]. As a result, these compaction-
resistant crops can create channels and increase soil macropores in compacted subsoil layers. 
Additional traits can be understood from naturally compaction resilient plants: Cyperaceae plants 
(e.g., Carex filispica, a grass found in alpine regions of China such as the Himalayas) produce 
dauciform roots after trampling events. The formation of these roots is positively correlated with 
higher aboveground biomass and recovery speed, even benefiting other plants that do not 
produce such roots [64]. 

Recently, the vital role of highly lignified tissue in the outer cortical parts of the root provided 
mechanical strength to root tissues, thereby facilitating the penetration of roots into the compacted 
soil [59]. Thick and strong cell walls can provide mechanical strength to root tips to cope with the 
compaction stress. Indeed, very small forces are required to slow root growth (<0.2 mN), and root 
regions between the elongation and maturation zones present mechanical weaknesses that can
Trends in Plant Science, Month 2024, Vol. xx, No. xx 7
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Outstanding questions 
What is the molecular mechanism by 
which soil compaction is sensed 
under combined stress conditions 
such as drought and compaction or 
flooding and compaction? 

How can we image the movement of 
water from soil pores to root cells in 
compacted soil conditions to decipher 
the microscale heterogeneity of water 
distribution? 

What are the most effective methods 
for generating single-cell transcriptomic, 
spatial transcriptomic, spatial metabolo-
mics, and proteomics data sets in crop 
roots growing under different soil com-
paction regimes? 

How does the microbiota influence the 
ethylene-based compaction sensing 
mechanism in various soil conditions? 

How can we develop methods to 
image and quantify rhizosphere 
exudates, and how do these exudates 
affect root tip navigation in compacted 
soil conditions? 

What other gaseous and chemical 
signals are involved in sensing 
heterogeneous soil environments under 
compacted soil conditions, and how 
can we decode them?
lead to root bending [65]. Therefore, discovering the key genes and loci regulating cell wall thick-
ness and stiffness in different crop species will be useful to develop compaction-resistant crops. 
Root cap cells are the first layer of cells that bear the brunt of compacted soil. Their conical 
shape stands as an ingenious stratagem, reducing axial pressure and forging a path of lesser 
resistance through the compacted soil environment [66]. Similarly, shedding of lateral root cap 
cells, in tandem with the secretion of mucilage, acts as a lubricant, mitigating the friction between 
the soil and the root cells [12,67]. Several 1-aminocyclopropane-1-carboxylic acid (ACC) 
deaminase-producing bacteria (Pseudomonas, Bacillus, Burkholderia, Azotobacter, etc.) can 
degrade ACC. Using these strains could help reduce ethylene levels by breaking down ACC, 
thereby mitigating the negative effects of soil compaction on root growth and foraging. This 
approach has already proved successful in managing various abiotic stresses, including drought, 
heat, and salinity [68]. Therefore, these microbes can tweak diffusion-based ethylene signaling and 
suppress compaction-sensing mechanisms. 

Finally, root aerenchyma formation is known to enhance internal tissue O2 status while reducing 
the energy demands of the roots [69,70], which could be beneficial under the compaction-
induced hypoxia. Therefore, reengineering crops equipped with thin roots possessing rigid 
cell walls, more MCS, conical and sharp root cap shape capable of shedding more root cap 
cells, formation of aerenchyma, and high elongation may provide the design principle to create 
compaction-resistant crops. 

Concluding remarks and future perspectives 
Roots grow in complex and highly heterogeneous soil environments, influenced by dynamic 
changes in soil structure, microbial communities, and the distribution of critical resources such 
as water and nutrients. The complexity of soil environments increases further under edaphic 
stresses such as soil compaction, which alone can alter nearly all physical, chemical, and biolog-
ical properties of the soil. Unlike other stresses, such as droughts or floods, soil compaction 
driven by farming machinery does not require environmental events such as prolonged high 
temperatures or heavy rainfall. As long as heavy farming machines are used, soil compaction 
will remain a pertinent issue. In addition, in light of the compounded complexity due to compac-
tion stress, frequent changes in weather patterns, and erratic rainfall, deciphering root tip naviga-
tion strategies in real plant soil conditions becomes even more daunting. To truly understand how 
root tips navigate in compacted soil (see Box 1), we must adopt biological approaches and tran-
scend current state-of-the-art methodologies in real soil conditions (see Box 2 and Outstanding 
questions). This seminal knowledge is most necessary to develop the perfect root effective in
Box 1. Gaseous signals trigger plant acclimations depending on the soil stress 

Heterogeneous soils become progressively harder with depth due to the decrease in tillage, organic matter, and biological 
activity, coupled with increased compaction from overburden pressure and the accumulation of fine soil particles. These 
factors contribute to a gradient from soft, friable topsoil to denser, harder subsoil layers. This heterogeneity makes a world 
of difference to penetrating roots. In real-world soil conditions, ethylene is used by plants to inhibit root growth in 
compacted layers, favoring root growth toward nearby noncompacted soil. Moreover, compacted soil affects the gaseous 
exchange of key gases such as oxygen, which is needed for root growth [23], particularly when moisture levels are higher in 
the compacted soil layer. Interestingly, Plantago major ssp. from trampled (compacted) soils showed better performance 
when grown under flooding conditions [71], suggesting that trampling-induced compaction primed (through hypoxia) the 
Plantago major ssp. to better adapt to flooding conditions. Similarly, aerenchyma formation is induced under flooded 
conditions to transport oxygen from the shoot to the roots [23]. However, when combined with soil compaction, hypoxia-
induced aerenchyma formation was blocked, likely due to restricted diffusion of oxygen in the compacted soil micropores 
[72]. Notably, water deficit also induces aerenchyma formation in roots to support root growth [73]. However, although 
water deficit increases mechanical impedance by raising soil strength, it does not restrict the diffusion of gases such as 
in soil compaction stress. This is why roots can grow deeper during water stress, despite experiencing relatively higher 
mechanical impedance. Therefore, the diffusion of gases will affect root responses, depending on the prevailing complex 
stress conditions. 
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Box 2. Bridging the gap: from petri dishes to real soil 

Plants are sessile organisms with roots anchoring in the soil. Thus, it is difficult to study the response of roots to various 
environmental stresses through direct observation. In soil compaction research, the increased soil density makes it even 
more challenging to observe root morphology by digging up the soil without damaging the roots. To overcome these chal-
lenges, experimental systems using high-concentration agar medium [37,74] or wax layers [75,76] systems to mimic soil 
compaction have often been used to evaluate plant root responses to hard substrates. 

Some studies determined a linear relationship between agar concentration penetration resistance, demonstrating the 
increase in stiffness in the media as agar concentration is increased from 0.5% to 1.1% (maximum penetration resistance 
of ~0.1 MPa), after which linearity was lost [77]. Earlier studies found a linear relationship between agar concentration and 
penetrometer resistance up to 3% (~0.3 MPa) [78]. Nevertheless, real soil conditions show different penetration resistances: 
0.4 MPa and 1.25 MPa for noncompacted and compacted conditions, respectively [79], markedly higher values than agar 
media. Recent advances in artificial transparent soils (Nafion), 2D rhizotron systems, and 3D printed soil columns offer 
promising solutions for overcoming some challenges in compaction research. These tools allow precise observation of root 
behavior in controlled environments, providing insights into plant responses to compaction. However, soil compaction is 
influenced by soil texture, organic content, and moisture levels. This dynamic integration of variables underscores the com-
plexity of compaction stress, making it essential to consider these factors when studying and addressing soil compaction. 

The discovery of the gaseous hormone ethylene as a sensor of soil compaction in rice root demonstrates that agar 
medium–based systems may miss essential information present in real soil environments. However, X-ray computed to-
mography (X-ray CT) is a feasible approach to fill the gaps between artificial systems and real soil. X-ray CT is a noninvasive 
4D imaging technique allowing collection of in situ temporal information on root architecture, such as root depth, thickness, 
angle, and number of lateral roots [80–82] while acquiring information on soil structure [7]. Still, X-ray CT does have some 
limitations, such as equipment cost, trade-off between soil column size and resolution, or slow data processing. 
navigating the soil complexities of soil compaction and potential additional interactions with other 
stresses.

Acknowledgments 
L.L.P.O., Y.G., E.F., and B.K.P. acknowledge the support from EMBO Long-Term Fellowship (ALTF 619-2022), The Royal 

Society Newton International Fellowship (NIF\R1\191915), BBSRC Training grant (BB/T008369/1), and UKRI Frontiers 

Research grant (EP/Y036697/1), respectively. 

Declaration of interests 
The authors declare no conflicts of interest. 

References 

1. Keller, T. and Or, D. (2022) Farm vehicles approaching weights of 

sauropods exceed safe mechanical limits for soil functioning. 
Proc. Natl. Acad. Sci. U. S. A. 119, e2117699119 

2. Yuejin, L. et al. (2022) Short-term impacts of trampling on 
selected soil and vegetation properties of alpine grassland in 
Qilian Mountain National Park, China. Glob. Ecol. Conserv. 36, 
e02148 

3. Correa, J. et al. (2022) Phenotypic response to soil compaction 
varies among genotypes and correlates with plant size in 
sorghum. Plant Soil 472, 59–76 

4. Correa, J. et al. (2019) Soil compaction and the architectural 
plasticity of root systems. J. Exp. Bot. 70, 6019–6034 

5. Bello-Bello, E. et al. (2022) Conquering compacted soils: 
uncovering the molecular components of root soil penetration. 
Trends Plant Sci. 27, 814–827 

6. Shaheb, M.R. et al. (2021) A Review on the Effect of Soil 
Compaction and its Management for Sustainable Crop Production. 
J. Biosyst. Eng. 46, 417–439 

7. Pandey, B.K. et al. (2021) Plant roots sense soil compaction 
through restricted ethylene diffusion. Science 371, 276–280 

8. Huang, G. et al. (2022) Ethylene inhibits rice root elongation in 
compacted soil via ABA- and auxin-mediated mechanisms. 
Proc. Natl. Acad. Sci. U. S. A. 119, e2201072119 

9. Zhang, B. et al. (2024) Soil compaction due to agricultural 
machinery impact: a systematic review. Land Degrad. Dev. 35, 
3256–3273 

10. Goldberg-Yehuda, N. et al. (2024) The effect of mechanical com-
paction on the soil water retention curve: insights from a rapid 
image analysis of micro-CT scanning. Catena 242, 108068 

11. Yu, C. et al. (2024) The effects of soil compaction on wheat 
seedling root growth are specific to soil texture and soil moisture 
status. Rhizosphere 29, 100838 

12. Bengough, A.G. et al. (2011) Root elongation, water stress, 
and mechanical impedance: a review of limiting stresses and 
beneficial root tip traits. J. Exp. Bot. 62, 59–68 

13. Ngo-Cong, D. et al. (2021) A modeling framework to quantify the 
effects of compaction on soil water retention and infiltration. Soil 
Sci. Soc. Am. J. 85, 1931–1945 

14. Reynolds, W.D. et al. (2009) Use of indicators and pore volume-
function characteristics to quantify soil physical quality. Geoderma 
152, 252–263 

15. Dörner, J. et al. (2022) Short-term effects of compaction on 
soil mechanical properties and pore functions of an Andisol. 
Soil Tillage Res. 221. https://doi.org/10.1016/j.still.2022.105396 

16. Colombi, T. and Keller, T. (2019) Developing strategies to recover 
crop productivity after soil compaction – a plant eco-physiological 
perspective. Soil Tillage Res. 191, 156–161 

17. Lv, L. et al. (2023) Impact of conservation tillage on the distribu-
tion of soil nutrients with depth. Soil Tillage Res. 225, 105527 

18. Chamen, W.C.T. et al. (2015) Mitigating arable soil compaction: a 
review and analysis of available cost and benefit data. Soil Tillage 
Res. 146, 10–25
Trends in Plant Science, Month 2024, Vol. xx, No. xx 9

http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0005
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0005
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0005
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0010
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0010
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0010
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0010
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0015
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0015
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0015
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0020
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0020
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0025
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0025
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0025
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0030
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0030
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0030
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0035
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0035
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0040
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0040
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0040
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0045
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0045
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0045
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0050
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0050
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0050
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0055
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0055
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0055
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0060
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0060
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0060
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0065
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0065
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0065
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0070
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0070
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0070
https://doi.org/10.1016/j.still.2022.105396
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0080
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0080
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0080
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0085
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0085
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0090
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0090
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0090


Trends in Plant Science
OPEN ACCESS
19. Frene, J.P. et al. (2024) Under pressure: elucidating soil compac-
tion and its effect on soil functions. Plant Soil 502, 267–278 

20. Alaoui, A. et al. (2018) Does soil compaction increase floods? 
A review. J. Hydrol. 557, 631–642 

21. Rajbanshi, J. et al. (2023) Quantification of the effects of conser-
vation practices on surface runoff and soil erosion in croplands 
and their trade-off: a meta-analysis. Sci. Total Environ. 864, 
161015 

22. Pandey, B.K. and Bennett, M.J. (2024) Uncovering root compac-
tion response mechanisms: new insights and opportunities. 
J. Exp. Bot. 75, 578–583 

23. Pedersen, O. et al. (2020) Regulation of root adaptive anatomical 
and morphological traits during low soil oxygen. New Phytol. 
229, 42–49 

24. Lacroix, E.M. et al. (2023) Consider the anoxic microsite: 
acknowledging and appreciating spatiotemporal redox hetero-
geneity in soils and sediments. ACS Earth Space Chem. 7, 
1592–1609 

25. Ponnamperuma, F. (1984) Effects of flooding on soils. In 
Flooding and Plant Growth, pp. 9–45, Academic Press 

26. Peralta Ogorek, L.L. et al. (2023) The barrier to radial oxygen loss 
protects roots against hydrogen sulphide intrusion and its toxic 
effect. New Phytol. 238, 1825–1837 

27. Lang, B. and Russell, D.J. (2019) Effects of earthworms on bulk 
density: a meta-analysis. Eur. J. Soil Sci. 71, 80–83 

28. Capowiez, Y. et al. (2021) Decreased burrowing activity of 
endogeic earthworms and effects on water infiltration in 
response to an increase in soil bulk density. Pedobiologia 85–86. 
https://doi.org/10.1016/j.pedobi.2021.150728 

29. Vidal, A. et al. (2023) The role of earthworms in agronomy: con-
sensus, novel insights and remaining challenges. In Advances 
in Agronomy (Sparks, D.L., ed.), pp. 1–78, Academic Press 

30. Yvan, C. et al. (2012) Role of earthworms in regenerating soil 
structure after compaction in reduced tillage systems. Soil Biol. 
Biochem. 55, 93–103 

31. Wu, X. et al. (2018) Individual and combined effects of soil 
waterlogging and compaction on physiological characteristics 
of wheat in southwestern China. Field Crop Res. 215, 163–172 

32. Saqib, M. et al. (2004) Pot study on wheat growth in saline 
and waterlogged compacted soil II. Root growth and leaf ionic 
relations. Soil Tillage Res. 77, 179–187 

33. Rengasamy, P. (2002) Transient salinity and subsoil constraints 
to dryland farming in Australian sodic soils: an overview. Aust. 
J. Exp. Agric. 42, 351–361 

34. Grzesiak, M.T. et al. (2016) Impact of soil compaction stress 
combined with drought or waterlogging on physiological and 
biochemical markers in two maize hybrids. Acta Physiol. Plant. 
38, 109 

35. Grzesiak, M.T. et al. (2023) Separate or combined effects of 
soil compaction and/or drought on gas exchange, chlorophyll 
fluorescence and physiological traits of maize (Zea mays L.) 
hybrids. J. Agron. Crop Sci. 209, 689–704 

36. Yang, L. et al. (2022) Integrated analyses of transcriptome 
and metabolome provides new insights into the primary and 
secondary metabolism in response to nitrogen deficiency and 
soil compaction stress in peanut roots. Front. Plant Sci. 13, 
948742 

37. Kong, X. et al. (2024) Root hairs facilitate rice root penetration 
into compacted layers. Curr. Biol. 34, 2039–2048.e3 

38. Li, Y. et al. (2024) The OsEIL1-OsWOX11 transcription factor 
module controls rice crown root development in response to 
soil compaction. Plant Cell 36, 2393–2409 

39. Potocka, I. and Szymanowska-Pułka, J. (2018) Morphological 
responses of plant roots to mechanical stress. Ann. Bot. 122, 
711–723 

40. Bengough, A.G. et al. (2005) Root responses to soil physical 
conditions; growth dynamics from field to cell. J. Exp. Bot. 57, 
437–447 

41. Kirby, J.M. and Bengough, A.G. (2002) Influence of soil strength 
on root growth: experiments and analysis using a critical-state 
model. Eur. J. Soil Sci. 53, 119–127 

42. Chimungu, J.G. et al. (2015) Root anatomical phenes predict 
root penetration ability and biomechanical properties in maize 
(Zea Mays). J. Exp. Bot. 66, 3151–3162 

43. Vanhees, D.J. et al. (2022) Soil penetration by maize roots is neg-
atively related to ethylene-induced thickening. Plant Cell Environ. 
45, 789–804 

44. Vanhees, D.J. et al. (2021) The ability of maize roots to grow 
through compacted soil is not dependent on the amount of 
roots formed. Field Crop Res. 264, 108013 

45. Nakagawa, Y. et al. (2007) Arabidopsis plasma membrane 
protein crucial for Ca2+ influx and touch sensing in roots. Proc. 
Natl. Acad. Sci. 104, 3639–3644 

46. Yamanaka, T. et al. (2010) MCA1 and MCA2 that mediate Ca2+ 
uptake have distinct and overlapping roles in Arabidopsis. Plant 
Physiol. 152, 1284–1296 

47. Furuichi, T. et al. (2012) Expression of Arabidopsis MCA1 enhanced 
mechanosensitive channel activity in the Xenopus laevis oocyte 
plasma membrane. Plant Signal. Behav. 7, 1022–1026 

48. Coste, B. et al. (2010) Piezo1 and Piezo2 are essential compo-
nents of distinct mechanically activated cation channels. Science 
330, 55–60 

49. Ranade, S.S. et al. (2014) Piezo2 is the major transducer of mechan-
ical forces for touch sensation in mice. Nature 516, 121–125 

50. Mousavi, S.A.R. et al. (2021) PIEZO ion channel is required for 
root mechanotransduction in Arabidopsis thaliana. Proc. Natl. 
Acad. Sci. 118, e2102188118 

51. Shih, H.-W. et al. (2014) The receptor-like kinase FERONIA is 
required for mechanical signal transduction in Arabidopsis 
seedlings. Curr. Biol. 24, 1887–1892 

52. Xu, F. et al. (2024) The soil emergence-related transcription 
factor PIF3 controls root penetration by interacting with the 
receptor kinase FER. Dev. Cell 59, 434–447.e8 

53. Pulido-Moncada, M. et al. (2019) Wheel load, repeated wheeling, 
and traction effects on subsoil compaction in northern Europe. 
Soil Tillage Res. 186, 300–309 

54. Ma, B. et al. (2014) Ethylene-induced inhibition of root growth 
requires abscisic acid function in rice (Oryza sativa L.) seedlings. 
PLoS Genet. 10, e1004701 

55. Yin, C.-C. et al. (2015) Ethylene responses in rice roots and cole-
optiles are differentially regulated by a carotenoid isomerase-
mediated abscisic acid pathway. Plant Cell 27, 1061–1081 

56. Endo, A. et al. (2014) Functional characterization of xanthoxin 
dehydrogenase in rice. J. Plant Physiol. 171, 1231–1240 

57. Cao, X. et al. (2019) The roles of auxin biosynthesis YUCCA gene 
family in plants. Int. J. Mol. Sci. 20, 6343 

58. Swarup, R. and Bhosale, R. (2019) Developmental roles of 
AUX1/LAX auxin influx carriers in plants. Front. Plant Sci. 10, 1306 

59. Schneider, H.M. et al. (2021) Multiseriate cortical sclerenchyma 
enhance root penetration in compacted soils. Proc. Natl. Acad. 
Sci. U. S. A. 118, e2012087118 

60. Darwin, C. and Darwin, F.E. (1888) The Power of Movement in 
Plants. 

61. Taylor, I. et al. (2021) Mechanism and function of root 
circumnutation. Proc. Natl. Acad. Sci. 118, e2018940118 

62. Zhao, H. et al. (2020) Histidine kinase MHZ1/OsHK1 interacts 
with ethylene receptors to regulate root growth in rice. Nat. 
Commun. 11, 518 

63. McCallum, M. et al. (2004) Improved subsoil macroporosity 
following perennial pastures. Aust. J. Exp. Agric. 44, 299–307 

64. Fan, R. et al. (2023) Recovering from trampling: the role of 
dauciform roots to functional traits response of Carex filispica in 
alpine meadow. Ecol. Evol. 13, e10709 

65. Bizet, F. et al. (2016) 3D deformation field in growing plant roots 
reveals both mechanical and biological responses to axial me-
chanical forces. J. Exp. Bot. 67, 5605–5614 

66. Colombi, T. et al. (2017) Root tip shape governs root elongation 
rate under increased soil strength. Plant Physiol. 174, 2289–2301 

67. Iijima, M. et al. (2003) Root cap structure and cell production 
rates of maize (Zea mays) roots in compacted sand. New Phytol. 
160, 127–134 

68. Chandwani, S. and Amaresan, N. (2022) Role of ACC deaminase 
producing bacteria for abiotic stress management and sustain-
able agriculture production. Environ. Sci. Pollut. Res. 29, 
22843–22859 

69. Zhu, J. et al. (2010) Root cortical aerenchyma improves the 
drought tolerance of maize (Zea mays L.). Plant Cell Environ. 
33, 740–749
10 Trends in Plant Science, Month 2024, Vol. xx, No. xx

http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0095
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0095
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0100
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0100
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0105
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0105
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0105
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0105
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0110
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0110
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0110
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0115
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0115
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0115
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0120
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0120
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0120
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0120
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0125
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0125
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0130
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0130
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0130
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0135
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0135
https://doi.org/10.1016/j.pedobi.2021.150728
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0145
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0145
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0145
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0150
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0150
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0150
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0155
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0155
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0155
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0160
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0160
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0160
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0165
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0165
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0165
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0170
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0170
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0170
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0170
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0175
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0175
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0175
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0175
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0180
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0180
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0180
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0180
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0180
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0185
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0185
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0190
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0190
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0190
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0195
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0195
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0195
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0200
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0200
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0200
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0205
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0205
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0205
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0210
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0210
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0210
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0215
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0215
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0215
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0220
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0220
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0220
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0225
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0225
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0225
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0225
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0230
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0230
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0230
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0235
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0235
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0235
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0240
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0240
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0240
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0245
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0245
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0250
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0250
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0250
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0255
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0255
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0255
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0260
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0260
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0260
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0265
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0265
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0265
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0270
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0270
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0270
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0275
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0275
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0275
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0280
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0280
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0285
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0285
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0290
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0290
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0295
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0295
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0295
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0300
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0300
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0305
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0305
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0310
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0310
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0310
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0315
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0315
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0320
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0320
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0320
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0325
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0325
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0325
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0330
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0330
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0335
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0335
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0335
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0340
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0340
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0340
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0340
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0345
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0345
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0345


Trends in Plant Science
OPEN ACCESS
70. Colmer, T.D. (2003) Aerenchyma and an inducible barrier to 
radial oxygen loss facilitate root aeration in upland, paddy and 
deep-water rice (Oryza sativa L.). Ann. Bot. 91 Spec No, 301–309 

71. Engelaar, W. and Blom, C. (1995) Effects of flooding and tram-
pling on the performance of river foreland species of Rumex 
and Plantago. Acta Botanica Neerlandica 44, 225–245 

72. Engelaar, W. et al. (1993) Root porosities and radial oxygen 
losses of Rumex and Plantago species as influenced by soil 
pore diameter and soil aeration. New Phytol. 125, 565–574 

73. Yamauchi, T. et al. (2021) Key root traits of Poaceae for adapta-
tion to soil water gradients. New Phytol. 229, 3133–3140 

74. Jacobsen, A.G.R. et al. (2021) Root growth responses to 
mechanical impedance are regulated by a network of ROS, 
ethylene and auxin signalling in Arabidopsis. New Phytol. 231, 
225–242 

75. Clark, L.J. et al. (2008) Evidence from near-isogenic lines that 
root penetration increases with root diameter and bending stiff-
ness in rice. Funct. Plant Biol. 35, 1163–1171 

76. Yu, L.X. et al. (1995) Use of wax-petrolatum layers for screening 
rice root penetration. Crop Sci. 35, 684–687 

77. Yan, J. et al. (2018) Resistance from agar medium impacts the 
helical growth of Arabidopsis primary roots. J. Mech. Behav. 
Biomed. Mater. 85, 43–50 

78. Clark, L. et al. (1999) Evaluation of agar and agarose gels for study-
ing mechanical impedance in rice roots. Plant Soil 207, 37–43 

79. Giuliani, L.M. et al. (2024) Effects of soil structure complexity 
to root growth of plants with contrasting root architecture. Soil 
Tillage Res. 238, 106023 

80. Hou, L. et al. (2022) Use of X-ray tomography for examining root 
architecture in soils. Geoderma 405, 115405 

81. Herrero-Huerta, M. et al. (2021) 4D Structural root architecture 
modeling from digital twins by X-ray computed tomography. 
Plant Methods 17, 123 

82. Rogers, E.D. et al. (2016) X-ray computed tomography reveals 
the response of root system architecture to soil texture. Plant 
Physiol. 171, 2028–2040
Trends in Plant Science, Month 2024, Vol. xx, No. xx 11

http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0350
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0350
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0350
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0355
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0355
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0355
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0360
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0360
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0360
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0365
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0365
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0370
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0370
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0370
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0370
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0375
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0375
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0375
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0380
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0380
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0385
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0385
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0385
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0390
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0390
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0395
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0395
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0395
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0400
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0400
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0405
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0405
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0405
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0410
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0410
http://refhub.elsevier.com/S1360-1385(24)00282-6/rf0410

	Soil compaction sensing mechanisms and root responses
	The soil compaction problem
	Soil compaction: a complex stress
	Physical, chemical, and biological changes

	Soil compaction is linked to other abiotic stresses
	Compaction sensing and responses from molecular to plant scale
	Sensing soil compaction
	Regulatory mechanisms of root in sensing and responding to soil compaction
	Ca2+-mediated mechanosensing
	Sensing soil compaction with the phytohormone ethylene


	Plant responses to soil compaction
	Modulating soil compaction response through an ethylene-ABA-auxin hormonal network

	Design principle of crop roots resistant to compacted soil
	Concluding remarks and future perspectives
	Acknowledgments
	Declaration of interests
	References




