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Introduction
Plants sense external environmental signals, such as light, water, 

temperature, and gravity, and adjust their growth accordingly 
to adapt to a changing environment [1-3]. Among these signals, 
gravity is important for regulating plant growth, development, and 
morphogenesis. In gravitropism, plants relocate their growth after 
sensing a gravity stimulus to maintain an optimal angle between the 
organs and the direction of gravity [4]. For seeds sown in soil, regardless 
of the orientation of the embryo, the radicle and germ exhibit fixed 
growth directions: the root grows downward (consistent with the 
direction of gravity) in a process termed positive gravitropism; the 
bud (stem) grows upward (in the opposite direction of gravity), which 
is termed negative gravitropism. Furthermore, the underground 
stems of some plants (such as reeds) grow in a horizontal direction, 
in a process called diagravitropism. Gravitational movement occurs 
only in growing areas of the plant. For example, when lodging occurs 
in rice and wheat plants, the upper part of the plant can stand upright 
again. Root gravitropism is especially important insofar as the roots 
of newly germinated seedlings must immediately enter the soil 
(i.e., grow in the direction of gravity) to ensure access to water and 
nutrients [5]. Here, to enable researchers to better understand root 
gravitropism research, we present a systematic review of research 
fields related to root gravitropism.

The Four Stages of the Root Gravity Response
In the root, gravity is sensed in the columella cells (CCs) of 

the root cap; however, the response to gravity occurs in the root 
elongation zone. Therefore, there are obvious physical zones between 
the area in the root that senses gravity and the area that responds 
to gravity. The root gravity response can be divided into four stages: 
the perception of gravity (the conversion of physical forces into 

biochemical signals), the transduction of gravity signals (the output 
of biochemical signals), the asymmetric distribution of auxin, and the 
bending of roots during growth [6].

Gravity Perception
The root cap is the main site where plant roots detect gravity. 

Early experiments found that removing the root cap leads to the loss 
of root geotropism [7]. Further experiments using techniques such 
as laser excision of root cap 83 cells, gene knockout, and heavy ion 
microbeam irradiation showed that CCs throughout the root cap are 
gravity-sensing sites [8,9]. In Arabidopsis thaliana (Arabidopsis), 
the central S2 zone of CCs is most 86 important for the geotropism 
of roots [8]. The nucleus is located at 87 the top of each CC, the 
endoplasmic reticulum forms a cup-shaped structure at the bottom 
of the cell, and the bottom of the cytoplasm is occupied by numerous 
amyloplasts [10].

At present, it is generally accepted that the mechanism 
by which plants sense gravity can be described by the starch–
statolithhypothesis. According to this proposal, when the direction 
of gravity changes, starch grains in the cell settle along the direction 
of gravity, leading to changes in various signaling molecules. These 
changes affect the transport of auxin, causing it to be distributed 
asymmetrically in the direction of gravity stimulation, which results 
in the bending of roots during growth [11,12]. Mutation of the 
gene PGM causes loss of function of glucophosphomutase, the key 
enzyme in starch synthesis, and the loss of amyloplasts. As a result, 
Arabidopsis pgm mutant cannot sense the gravity signal and are 
therefore deficient in gravitropism [13]. Although the pgm-1 mutant 
is less sensitive to gravity than the wild type, however, the roots could 
still bend after prolonged gravity stimulation treatment (the bending 
angle became smaller). This suggests that plants might have a variety 

Abstract

Roots are important for plant anchoring, water and nutrient absorption, 
and other physiological processes. Gravity is a primary determinant of the 
spatial distribution of plant roots in the soil. Therefore, in-depth understanding 
of the molecular mechanisms and biochemical networks of root responses to 
gravity has both theoretical and practical significance in guiding the genetic 
improvement of plants. Gravitropism, the process through which plants sense 
the direction of gravity and respond by making the roots grow downward and the 
stem grow upward, has been widely studied in roots. The perception of gravity 
and the gravitational growth of roots-key steps in root growth and development-
are regulated by auxin and other factors. Here, we review the latest progress 
in the regulation of root gravitropism by hormone signals and environmental 
factors from a molecular perspective, and look forward to the direction of future 
research on root gravitropism.

Keywords: Root, Hormone, Gravity, Auxin, Environmental



Hao Zhang Austin Publishing Group

Submit your Manuscript | www.austinpublishinggroup.com J Mol Biol & Mol Imaging 7(1): id1034 (2022)  - Page - 02

of gravity-sensing mechanisms. When the osmotic pressure of the 
external environment changes, the root bends to varying degrees, but 
sedimentation of the starch grains is not affected. This has led to the 
proposal that the protoplast itself can sense changes in gravity (the 
protoplast hypothesis). According to this hypothesis, protoplasts can 
sense gravity via changes in their own mechanical buoyancy. Under 
gravity stimulation, protoplasts settle to the cell wall or extracellular 
matrix. The resulting pressure difference between the plasma 
membrane and extracellular matrix activates gravity receptors and 
transmits gravity signals [14]. Therefore, the mechanisms described 
by the starch-statolith and the protoplast hypothesis are coordinated 
to enable gravity sensing. Additional hypotheses to describe root 
gravitropism include the bifurcation theory and the cytoskeleton 
theory. The amyloplast theory states that in the roots of higher plants, 
balanced cells can sense gravity through interactions of both bound 
and unbound amyloplasts with the cytoskeleton. When amyloplasts 
are bound to the cytoskeleton through cell membrane-related 
receptors or proteins, sedimentation of the amyloplasts under gravity 
stimulation alters cytoskeletal tension, the receptors on the cell 
membrane are activated, and downstream signals are also triggered to 
respond to gravity stimulation. When not bound to the cytoskeleton, 
the amyloplasts can move freely with changes in the direction of 
gravity and eventually settle onto the endoplasmic reticulum on the 
lower side of the cell. This triggers downstream signal transduction 
and gravity sensing [15]. The bifurcation theory, meanwhile, proposes 
that the nucleus and cytoskeleton are particularly critical in gravity 
sensing and signal transduction, and a gravity-sensitive window 
switches in cells to sense gravity signals [16].

Transduction of Gravity Signals
After amyloplasts are deposited in the cell, the cytoskeleton might 

rearrange itself, and the stimulation might be transferred to the 
endoplasmic reticulum or cell membrane to induce the opening of 
ion channels. Ca2+, inositol 5-trisphosphate (InsP3), pH, and other 
signaling molecules are used as second messengers to participate in 
the gravity response [17,18]. Indeed, exogenous calcium channel 
inhibitors and Ca2+-ATPase activity inhibitors can block the gravity 
response, and the use of calcium analogs can enhance the gravity 
responses of hypocotyls and roots [19-23]. These findings indicate 
that changes in Ca2+ concentration are activated in response to 
gravity stimulation, thereby regulating the plant response to gravity.

Not only do the concentrations of Ca2+ in cells change under 
gravity stimulation, but the abundance of the second messenger 
inositol 1,4,5-trisphosphate (InsP3) also increases [24]. Exogenous 
application of the amino acid steroid U73122, which inhibits the 
formation of InsP3 in roots, attenuated the gravitational response of 
roots [25]. The lack of enzymes to degrade InsP3 in the 5pt13 mutant 
caused InsP3 accumulation, resulting in an enhanced response to 
gravity. Phosphatidylinositol Monophosphate-5-Kinase (PIP5K) is 
the synthetic precursor of InsP3. In pip5k roots, the gravity response 
is delayed, and the ability of auxin transport carriers to flow between 
vesicles and the plasma membrane is weakened. These observations 
suggest that InsP3 regulates the locations of transport carriers by 
regulating vesicle transport, thereby participating in the regulation of 
the root gravity response [26-28]. Under stimulation by gravity, the 
pH of the proximal side of the root decreases, and the corresponding 
pH value of the distal side increases. This asymmetric change in 

pH mainly depends on the activities of Ca2+ channels [29]. These 
findings indicate that a variety of signaling molecules function in 
gravity signal transduction.

Asymmetric Distribution of Auxin and Curved Growth of 
Roots

Perception of gravity occurs in CCs, but response to gravity 
is completed in the root elongation zone. The Cholodny–Went 
hypothesis explains this phenomenon through the proposal that 
during gravity sensing, sedimentation of starch granules leads to the 
transmission of the gravity signal to the response area of gravity-the 
elongation zone-via auxin. Following gravity stimulation, auxin is 
asymmetrically distributed in the root, resulting in the asymmetric 
growth of cells on both sides of the root that leads to root curving 
during growth [30]. Analysis using the auxin response reporter gene 
constructs proDR5: GFP and proDR5: GUS revealed that, under 
gravity stimulation, the distribution of the signal in the distal and 
proximal sides of the root was asymmetric, indicating that auxin 
was distributed in an asymmetric manner [31]. Therefore, auxin is 
important in a plants reaction to gravity. Indeed, mutants in auxin 
biosynthesis, transport, and signal transduction can exhibit abnormal 
gravity responses [32-34].

Effects of Auxin Transport on the Gravity Response
The auxin transport pathway is important in regulating the 

gravity response [35]. The asymmetric distribution of auxin transport 
carriers leads to an asymmetric distribution of auxin. This, in turn, 
leads to the asymmetric growth of cells on both sides of the root, 
resulting in root bending [36,37].

AUX1, the first influx carrier identified for auxin, is crucial in the 
response of plants to gravity [38]. Auxin transport is abolished in the 
roots of the Arabidopsis aux1 mutant, and the response to gravity in 
its roots is weakened [39]. The gravitational response of roots depends 
on the transport of auxin from the lateral root cap to the epidermis of 
the elongation zone, a process mediated by AUX1 in the lateral root 
cap and epidermal cells [40,41]. AXR4, located in the endoplasmic 
reticulum, regulates the AUX1 cycle in cells. The accumulation of 
AUX1 in the endoplasmic reticulum and the loss of its asymmetric 
distribution in the epidermal cells of the root means that the axr4 
mutant shows a weakened gravity response in the root. This suggests 
that the auxin transport pathway is associated with the gravity signal 
transduction pathway to regulate the gravity response of root [42-44]. 

Auxin is exported primarily by members of the PIN-FORMED 
(PIN) and ABCB/MDR/PCP protein families. The PIN protein 
family comprises eight members, PIN1 to PIN8. PIN2, PIN3, and 
PIN7 are directly involved in regulating root gravity response [45]. 
The asymmetric distribution of these three proteins on the cell 
membrane results in asymmetric distribution of auxin, which leads to 
the asymmetric growth of cells and the curved growth of roots [46]. 
Because of the altered location of PIN2 in the pin2 mutant, auxin 
cannot be asymmetrically distributed in the root, resulting in the 
loss of a gravity response in roots [47]. Under gravity stimulation, 
PIN2 is degraded by the ubiquitin-proteasome system, resulting in 
the asymmetric distribution of PIN2 protein on the two sides of the 
root. This, in turn, affects the distribution of auxin [48,49]. In pin3 
mutants, the gravitational responses of the roots and hypocotyls of 
are weakened [50]. Under gravity stimulation, PIN3 protein localizes 
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to the bottoms of CCs along the direction of gravity stimulation, 
resulting in an asymmetric distribution of auxin on the near and 
distal sides of the root [50-52]. The function of PIN7 is similar to that 
of PIN3. A change in the polar localization of PIN7 in cells affects the 
redistribution of auxin and helps regulate the gravity response [48]. 
The gravity response is weakened in the roots of the pin7 mutant, 
and the gravity response of the pin3pin7 double mutant is severely 
impaired, indicating that PIN3 and PIN7 are functionally redundant 
in regulating the root gravity response [50,48]. Members of the 
ABCB/MDR/PCP protein family are also important auxin export 
carriers and are widely involved in the response of plants to gravity. 
In the pgp4 mutant, the rate of auxin transport from the root to the 
base is significantly reduced, and the response of the root to gravity 
is also weakened. The root gravity responses of pgp1 and pgp19 single 
mutants and pgp1pgp19 double mutants are enhanced, likely because 
of decreased auxin polar transport, resulting in enhanced lateral 
auxin transport. This, in turn, increases the asymmetric distribution 
of auxin on both sides of the root, thereby enhancing the root gravity 
response [53,54].

Post-transcriptional modifications, such as phosphorylation and 
dephosphorylation, regulate the polar localization of PIN proteins 
and participate in the root gravity response. PID phosphokinase 
phosphorylates the hydrophilic rings of PIN proteins and is important 
in their polar localization. The abnormal response to gravity of pid1 
roots may be caused by altered PIN localization, which affects the 
polar transport of auxin [55-57]. Specifically, PID might regulate the 
gravitational response of roots by affecting the polar localization of 
PIN2 on the plasma membrane [57]. Altering the phosphorylation 
site of PIN3 affected the gravity response mediated by this protein 
[58,59]. Members of the D6PK protein kinase family also regulate the 
gravity response of roots by altering the phosphorylation state of PIN 
proteins [60,61].

Effects of Auxin Signaling on the Gravity Response
Under gravity stimulation, the auxin signal transduction pathway 

specifically induces the differential expression of auxin response 
genes in the distal and proximal lateral cells of roots. This promotes 
the asymmetric distribution of auxin and leads to curved root growth.

A mutant of the auxin receptor TIR1 is less sensitive to auxin, 
and its roots show a weaker response to gravity than the wild type 
[62]. Mutations of the AUX/IAA gene family members AXR5/
IAA1, SHY2/IAA3, AXR2/IAA7, SLR1/IAA14, AXR/IAA17, IAA20, 
IAA30, and IAA31 led to the loss or weakening of the response to 
gravity in Arabidopsis roots and hypocotyls [63]. In addition, a gain-
of-function mutation of IAA28 led to a weakened gravity response 
in roots. By contrast, mutation of MSG2/IAA19 led to the loss of the 
gravity response of hypocotyls, but did not affect the root gravity 
response [64]. ARF gene mutations lead to abnormal auxin responses, 
which will affect the plant’s gravity response. Thus, the arf7-1arf1-19, 
arf10arf16, and msg2-1arf19-1 double mutants all show weakening of 
the root gravity response [65,66].

Plants can adjust the growth direction according to gravity 
and 243 ultimately control the structure of stems and roots. 
Gravitropism is a dynamic process. In this process, gravistimulation 
induces asymmetric distribution of plant hormone auxin, leading 
to asymmetric growth and organ bending, and then the auxin 

distribution returns to the original state before gravistimulation. 
During the reaction to gravity, the differential accumulation of 
auxin depends on the activity of polarly localized PIN-FORMED 
(PIN) auxin-efflux carriers. In particular, the time of this dynamic 
response is regulated by PIN2, and the MEMBRANE ASSOCIATED 
KINASE REGULATOR2 (MAKR2) controls the speed of the root 
to gravity response. During gravitropism, MAKR2 acts as a negative 
regulator of cell surface signaling mediated by the receptor-like 
kinase TRANSMEMBRANE KINASE1 (TMK1) and are required 
for PIN2 asymmetry. In addition, auxin itself can antagonize the 
inhibitory effect of MAKR2 on TMK1 signaling, thereby triggering 
the rapid dissociation of MAKR2 membrane in a TMK1 dependent 
manner. It was shown that the time of root to gravity reaction was 
coordinated by reversible inhibition of TMK1 signaling pathway on 
the cell surface [67].

Environmental Factors Regulating Root 
Gravitation
Effects of Salt Stress on Root Gravity Response

Salt stress alters the response to gravity by controlling the 
direction of growth of primary roots in Arabidopsis. Root structural 
morphology is highly plastic during plant growth to allow plants 
to adapt to various environmental stresses. The structures of roots 
growing in soil can be adjusted according to the environment, such 
as high salinity soil, dry soil, and nutrient-deficient soil. In particular, 
salt stress has strong effects on root structure in Arabidopsis, 
among other species. Although salt stress is known to inhibit root 
elongation and reduces root number, many questions remain about 
the mechanisms underlying the effects of salt stress on root growth. 
Various experiments suggested that salt stress inhibits root growth 
by weakening the gravity response. Salt stress causes a sharp decrease 
in the number of starch grains in root CCs of Arabidopsis. This 
change is related to strongly altered expression and localization of 
PIN2 mRNA. Moreover, several mutants of genes in the Salt Overly 
Sensitive (SOS) regulatory pathway show a significantly reduced 
gravity response, indicating that salt stress alters both geotropism in 
roots and the salt balance in plants. SOS pathway mutants also show 
reduced levels of starch grains in the CCs of root tips and reduced 
expression of PIN2. These findings suggest that under salt stress, the 
transcription of PIN2 in Arabidopsis decreases through a process 
involving SOS pathway proteins, thereby reducing the effects of salt 
stress on geotropism [68].

Effects of H2O2 on Gravitropism
When plants are stressed by drought [69], low temperature 

[70], salinity [71], pathogens [72], ozone [73], or heavy metals [74], 
hydrogen peroxide (H2O2) is rapidly produced in plant cells and 
released into the cytoplasm. H2O2 is a second messenger involved 
in many physiological and biochemical reactions in plants, such as 
stomatal movement induced by Abscisic Acid (ABA), auxin, and 
Cytokinin (CK) [75,76], root growth and lateral root development 
[77], and the lignification of cell walls [78]. By applying exogenous 
H2O2 to cucumber and mung bean [79] discovered that H2O2 
interacts with auxin and promotes adventitious root growth. Following 
the application of different concentrations of exogenous H2O2, the 
primary roots of pea bent in a non-geotropic manner; the degree of 
bending increased with increasing concentrations of H2O2. Further 
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analysis revealed an asymmetric distribution of auxin on the inside 
and outside of the curved primary root. The lateral cells of primary 
roots that were horizontally curved following H2O2 application were 
columnar and densely arranged, whereas the inner cells were loosely 
arranged in filaments and were significantly shorter than the lateral 
cells. These findings suggest that H2O2 functions downstream of the 
auxin-induced root geotropism response [77]. Arabidopsis AtCRK5 
protein kinase is involved in the establishment of appropriate auxin 
gradients during many developmental processes. And the Atcrk5-1 
mutant exhibited a delayed gravitation response through impaired 
PIN2 mediated apical auxin transport. This phenotype was associated 
with lower levels of superoxide anion (O2•−) and hydrogen peroxide 
(H2O2) compared with wild-type, but higher levels of Nitric Oxide 
(NO) in the mutant root tip. Paraquat (PQ), an oxidative stress 
inducer, triggers the formation of O2•− (and H2O2) and can rescue 
the gravity response of Atcrk5-1 roots. Direct application of H2O2 
had the same effect. Under gravity simulation, auxin distribution in 
the mutant root tip was restored (at least partially restored) by PQ or 
H2O2 treatment. The redistribution of the PIN2 auxin efflux vector 
in the heavily simulated PQ treated mutant and untreated wild-type 
roots was similar. PQ treatment reduced endogenous NO levels in 
the root tip to normal levels. The mutant phenotype can be restored 
by directly manipulating endogenous NO levels using no scavengers 
(cPTIQ). AtCRK5 protein kinase plays an important role in the 
control of auxin-ROS-NO-PIN2-auxin regulatory loop [80].

Regulation of Gravitropism by Ubiquitin E3 Ligases
SGR9 (SHOOT GRAVITROPISM9) is a C3H2C3-type ring 

finger protein in Arabidopsis. This protein has ubiquitin E3 ligase 
activity and is located in amyloplasts, where it regulates amyloplast 
dynamics [81]. The sgr9 mutant shows a weakened gravity response 
toward the stem and a slight weakening in the roots. sgr9 amyloplasts 
do not sediment; instead, they exhibit enhanced mobility. Following 
site-directed mutagenesis of the conserved RING domain of SGR9, 
both SGR9W244A and SGR9C232A showed significant decreases in 
ubiquitin E3 ligase activity, suggesting that the ubiquitin E3 ligase 
activity of SGR9 in vitro depends on its RING finger domain [81]. 
Arabidopsis WAV3 is another RING-H2 ubiquitin E3 ligase.

When wild-type Arabidopsis plants were grown on hard agarose 
medium in tilted plates, the roots showed curved growth owing to the 
simultaneous action of their own growth driving force, gravity, and 
resistance to the agar medium. In the wav3 mutant, the root bending 
angle was larger and showed a smaller half-wavelength distance [82]. 
The bending angle of wav3 in response to gravity was larger than that 
in response to light, indicating that the wav3 mutation enhances the 
root gravity response. WAV3 belongs to a small gene family that also 
includes EDA40, WAVH1, and WAVH2, and awav3wavh1wavh2 
triple mutant showed a strongly altered gravitropic response [82].

Other Signals Influencing Gravitational Responses
Other signals affecting root gravitropism include Ph [83,84], 

calcium concentration [85,86], potassium ions [87,88], ABA [89], 
and Reactive Oxygen Species (ROS) [77,90]. When a plant is placed 
horizontally, the aggregation of auxin on the lower side of the root 
opens ion channels in the cell membrane. This leads to increased 
concentrations of intracellular Ca2+, which act as a second messenger 
to activate the H+/OH−pump in the membrane. OH− is then pumped 

out of the cell, resulting in an increase in pH at the cell surface on the 
lower side of the root [91]. The alkaline environment on this side of 
the root inhibits the extensibility of the cell wall, thereby inhibiting 
cellular expansion. The imbalance between the expansion of the cells 
at the top and their inhibited expansion at the bottom ultimately leads 
to bending of the root.

In contrast to auxin, ABA is a negative regulator of the gravity 
response. Treatment with 0.5μmol/L ABA significantly reduced 
gravitropism of the polar auxin transport carrier-related mutants 
auxl-7 and eirl-l, but the same concentration of ABA had no effect 
on wild-type plants [89]. The inhibitory effect on the gravity response 
of Naphthyl 1-Carbamylbenzoate (NPA), an inhibitor of polar auxin 
transport, was reduced in the ABA biosynthesis mutants abal-l, 
aba2-4, and aba3-2, suggesting that the role of ABA in inhibiting the 
gravity response involves the auxin pathway. However, the specific 
mechanism underlying the role of ABA in the gravity response 
requires further study. Studies in maize and soybean demonstrated 
that changes in the direction of gravity caused the accumulation 
of auxin at the bottom of the root, leading to the accumulation of 
ROS [77] and Nitric Oxide (NO) [90] in this region. The application 
of H2O2 on one side of the root caused the root tip to bend in the 
direction of the H2O2, and the application of sodium nitroprusside, 
the precursor of NO, to the bottom of the horizontally placed root 
also promoted the gravitational response of the root. NPA treatment 
inhibits the synthesis of ROS and NO mediated by auxin, but the 
exact role of auxin in these processes is unclear. The input and output 
vectors of auxin are important in the auxin transport pathway in 
Arabidopsis roots, but they are not the only carriers controlling auxin 
distribution. The KT/KUP/HAK polygene family is also inextricably 
related to auxin transport. TRH1 (TINY ROOT HAIR1), a member 
of this family, encodes a potassium ion transport carrier that affects 
the formation and growth of plant root hairs. There is a relationship 
between TRH1 activity and the polar transport of auxin, along with 
the redistribution of auxin, which directly affects the gravitropism 
of plant root tips. Therefore, TRH1 is essential for the occurrence 
and elongation of root hairs and the gravitational growth of roots 
in Arabidopsis. The transport of auxin from bud growth points to 
root tips and the efflux of 3H-labeled Indoleacetic Acid (IAA) were 
significantly inhibited in trh1 roots, whereas in yeast cells over 
expressing TRH1, the efflux of this radioisotope-labeled auxin was 
promoted. In trh1, the flow rate of auxin from the root tip columnar 
cells to the epidermis was significantly inhibited by isotope labeling, 
which affected the formation and gravitropism of root hairs. This 
inhibition was relieved by auxin treatment. The gravity sensing, 
growth, and occurrence and extension of root hairs in the trh1 restorer 
line trh1/TRH1 were similar to those of the wild type. TRH1-GUS was 
localized to the columnar cells of the root and the cells on both sides 
of the root cap, that is, the sensing site of gravity stimulation and the 
redistribution site of 379 auxin flow. When the K+ concentration in 
the medium decreased from 20 to 0.1 mmol/L, the gravitropism of the 
roots disappeared [87,88].

Plant architecture refers to the spatial distribution and 
morphological characteristics of the aboveground parts of a plant. A 
plant constantly adjusts its growth direction according to the direction 
of gravity, ultimately reaching a fixed angle with the gravity direction 
[92]. An abnormal gravity response of the aboveground parts of a 
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plant will lead to a change in this fixed angle, which is important 
in shaping plant type [93]. Plant type is one of the most important 
factors determining crop yields. Therefore, it is important to study the 
mechanisms underlying the gravity responses of plants to facilitate 
crop improvement. Due to the increasingly serious pollution caused 
by industrial activities, burning fossil fuels, improper treatment 
of sewage sludge, excessive application of fertilizers and the use of 
fertilizers and pesticides in agriculture, heavy metal pollution such 
as nickel (Ni) in soil is a major environmental problem. Excessive 
Ni can cause leaf chlorosis and inhibit plant growth, but its potential 
growth inhibition mechanism is still unclear. Detailed analysis of root 
development of Arabidopsis in the presence of Ni showed that this 
heavy metal induced gravitation defects and locally inhibited root 
growth by inhibiting cell elongation without significantly damaging 
the integrity of stem cell niche. Analysis of auxin reactivity reports 
showed that excessive Ni inhibited the targeted distribution of auxin. 
PIN2 is very sensitive to Ni because the presence of this heavy metal 
rapidly reduces PIN2 levels in roots. Ni affects the expression of many 
genes associated with plant cell walls, and Ni induced transcriptional 
changes are largely independent of iron (Fe). Excessive Ni increases 
the accumulation of reactive oxygen species and interferes with 
the integrity and direction of microtubules [94]. In Arabidopsis 
gravitropism is affected by two antagonistically interacting proteins, 
AGD12 (ADP-RIBOSYLATION FACTOR GTPase-ACTIVATING 
PROTEIN) and EHB1 (ENHANCED BENDING 1). While AGD12 
enhances gravitropic bending, EHB1 functions as a negative element 
[95]. The effect of light and dark on the interaction between tropism 
is not clear. It has been reported that compared with seedlings 
completely exposed to light, wild-type Arabidopsis seedlings have 
higher hydrotropism, their buds are illuminated, but their roots 
grow in the dark. Due to the reduction of amyloid content in root 
tip and the reduction of PGM1 (a key starch biosynthesis gene) 
gene expression, the gravitropism of root system is significantly 
reduced, which may help to enhance the gravitropism of root system 
under dark conditions. In addition, the pgm1-415 1 mutant showed 
greater hydrophilicity compared with the wild type. The amyloplast 
reaction and starch reduction of Arabidopsis roots occur under 
light and dark regulation, followed by a decrease in gravitropism 
and an increase in hydrotropism [79]. The gravitropism of root 
system is very important for soil anchoring and water and nutrient 
exploration. It affects the root structure, which is one of the factors 
affecting crop yield. The mechanism of gravitropism of primary roots 
has been widely studied, but the regulation mechanism of lateral 
root gravitropism is still unclear. Topoisomerase I α 423 (TOP1 α) 
inhibition of lateral root gravitation, contrary to previous reports 
[96]. TOP1α maintain the gravity of the primary root, revealing a 
dual function of TOP1α in root gravitropism regulation. The Target 
of Rapamycin (TOR) is inhibited in lateral root columnar cells, 
thus inhibiting the development of columnar cells, especially the 
biosynthesis of amyloplasts. The study revealed a new mechanism 
of lateral root adjustment to gravity, which may provide theoretical 
support for improving agricultural production [97]. The emerging 
role of asymmetric cytokinin signaling as a central anti-gravitropic 
signal. Differential cytokinin signaling is coopted in gravitropic 
lateral and hydrotropic primary roots to counterbalance gravitropic 
root growth [98]. Light and gravity are two key environmental factors 
controlling plant growth and structure. However, the molecular basis 

for the coordination of light and gravity signals in plants remains 
unclear. PHYTOCHROME INTERACTING FACTORS (PIFs) and 
ELONGATED HYPOCOTYL5 (HY5), can directly bind and activate 
the expression of LAZY4, a positive regulator of gravitropism in both 
shoots and roots in Arabidopsis. In the hypocotyl, light promotes 
the degradation of PIF to reduce the expression of LAZY4, thereby 
inhibiting the negative gravitropism of the hypocotyl. LAZY4 over 
expression can partially rescue the negative gravity phenotype of 
pifq in the dark without affecting the development of amyloplasts. 
The identification of PIF-LAZY4 regulatory module indicates that 
PIF protein has another role in gravitropism, and PIF positively 
regulates amyloid development to promote the negative gravitropism 
of hypocotyl. In the root, light promotes the accumulation of HY5 
protein to activate the expression of LAZY4, thereby promoting 
the positive gravity in the root. By regulating the protein levels 
of PIFs and HY5, light exerts an opposite regulation on LAZY4 
expression in shoots and roots to inhibit the negative gravitropism 
of Arabidopsis shoots and promote the positive gravitropism of 
roots [99]. Arabidopsis NITRATE TRANSPORTER 1/PEPTIDE 
TRANSPORTER FAMILY 7.3 (NPF7.3) protein functions as a 
transporter of Indole-3-Butyric Acid (IBA), a precursor of the major 
endogenous auxin Indole-3-Acetic Acid (IAA). When expressed in 
yeast, NPF7.3 mediated cellular IBA uptake. Loss-of-function npf7.3 
mutants showed defective root gravitropism with reduced IBA levels 
and auxin responses [100].
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