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ABSTRACT

Climate change is increasing the frequency of extreme heat events that aggravate its negative impact on

plant development and agricultural yield. Most experiments designed to study plant adaption to heat stress

apply homogeneous high temperatures to both shoot and root. However, this treatment does notmimic the

conditions in natural fields, where roots grow in a dark environment with a descending temperature

gradient. Excessively high temperatures severely decreasecell division in the rootmeristem, compromising

root growth, while increasing the division of quiescent center cells, likely in an attempt tomaintain the stem

cell niche under such harsh conditions. Here, we engineered the TGRooZ, a device that generates a temper-

ature gradient for in vitro or greenhouse growth assays. The root systems of plants exposed to high shoot

temperaturesbut cultivated in theTGRooZgrowefficiently andmaintain their functionality to sustain proper

shoot growthanddevelopment. Furthermore, geneexpression and rhizosphere or rootmicrobiomecompo-

sition are significantly less affected in TGRooZ-grown roots than in high-temperature-grown roots, corre-

lating with higher root functionality. Our data indicate that use of the TGRooZ in heat-stress studies can

improve our knowledge of plant response to high temperatures, demonstrating its applicability from

laboratory studies to the field.
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INTRODUCTION

High temperature is an adverse condition that enormously impacts

plant growth and fitness (Bhattacharya, 2019). Nowadays, climate

change is leading to more frequent high-temperature extremes,

such as heat waves, that aggravate the negative impact of heat

on plant development and agricultural yield (Gray and Brady,

2016; Miller et al., 2021). In comparison with shoot responses,

root responses to high temperatures have been understudied,

and the majority of studies have focused on the response to

warming, which induced thermomorphogenesis responses,
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rather than heat stress (Nagel et al., 2009; Bellstaedt et al., 2019;

Gaillochet et al., 2020; Lee et al., 2021b; Ai et al., 2022).

However, there is an increasing interest in deciphering the role

of roots in plant adaptation to heat stress (Huang et al., 2012;

Calleja-Cabrera et al., 2020; Tiwari et al., 2022), driven primarily

by general concerns about how climate change might affect
ommunications 4, 100514, May 8 2023 ª 2022 The Author(s).
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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crop production in agricultural systems (Fahad et al., 2017). Heat

stress causes significant damage to proteins, disturbing their

synthesis and folding, changing the activity of enzymes,

and damaging membranes and cellular structures by massive

oxidation (Hasanuzzaman et al., 2013). To cope with these heat-

associated challenges and ensure plant fitness, plants have

evolved several adaptive strategies that involve, among other

responses, gene expression changes, metabolic adjustments,

and modifications of morphological structures and organs

(Zhao et al., 2020). High temperatures significantly alter gene

expression and protein accumulation in soybean (Valdés-López

et al., 2016), Arabidopsis (Bellstaedt et al., 2019; Gaillochet et al.,

2020; Sriden and Charoensawan, 2022), and Agrostis grass

species (Xu et al., 2008), among others. They also affect cell

division and differentiation, reducing plant growth and

development (Qi and Zhang, 2020; Liu et al., 2022). It should be

noted that the majority of studies carried out to understand shoot

and/or root responses to heat or warming have grown whole

plants (shoots and roots) at homogeneous high temperatures

and, in some cases, have heated detached shoots and roots

(Heckathorn et al., 2013; Valdés-López et al., 2016; Chen and Li,

2017; Estravis-Barcala et al., 2021). However, waves of high

atmospheric temperature have different effects on shoots than

on roots. Because of soil geothermal properties, a decreasing

temperature gradient is formed from the topsoil to deeper layers

(Lynch et al., 2012), preventing overwarming of the root system

and likely contributing to the maintenance of its functionality and

growth (Michaletz et al., 2015).

Root systemarchitecture (RSA), defined as the three-dimensional

organization of roots in the soil, plays an essential role inwater and

nutrient absorption and communication with microbiota (de la

Fuente Cantó et al., 2020), processes that are affected by soil

temperature changes (Giri et al., 2017; Hatfield and Prueger,

2015; Onwuka, 2018; Sabri et al., 2018). RSA changes in

response to heat have a genetic basis that may differ between

species that have adapted to different optimum temperatures

for root growth and lateral root production (Zhang et al.,

2015; Gray and Brady, 2016). Depending on the species, a

temperature increase has been shown to promote (Lahti et al.,

2005) or inhibit (Larkindale et al., 2005; Takahashi et al., 2019)

root growth.

To properly study the effect of extreme temperatures on plant

growth, we have engineered a new device called the Temperature

Gradient in the Root Zone (TGRooZ). The TGRooZ generates a

controlled temperature gradient in the root growth zone while

keeping the aerial tissues exposed to the environmental tempera-

ture, generating conditions similar to those in natural ecosystems.

This device is adaptable for in vitro analyses using agar-based

systems on Petri dishes or soil-containing pots for greenhouse ex-

periments. In in vitroexperiments,wedemonstrated that seedlings

growing under homogenous high temperatures (applied equally to

the shoot and root) develop a significant shorther roots by

decreasing cell division in the meristem, induce root stem cell

replacement, and block lateral root emergence. Remarkably,

although shoots of seedlings growing in the TGRooZ are exposed

toa similar high temperature, they recover almost all parameters to

values observed in seedlings cultivated at standard temperatures.

We also defined the transcriptomic profiles of roots and shoots of

plants grown under heat stress (homogeneous 32�C in the shoot
2 Plant Communications 4, 100514, May 8 2023 ª 2022 The Author
and root), at a standard temperature (22�C in the shoot and root),

and at 32�C in the TGRooZ. Gene ontology analyses indicated a

role for auxin in the heat response of shoots. Genetic analyses

showed that auxin is important for the maintenance of shoot

growth under high-temperature conditions. We identified genes

necessary for normal root growth in response to the gradient of

temperature imposed with the TGRooZ. Morphological analyses

of the corresponding mutants growing in the TGRooZ showed

that root development was not completely recovered, suggesting

that the TGRooZ is an important tool for understanding the

response to heat in the whole plant. In addition, our results clearly

show that a temperature gradient in the root ecosystem has bene-

ficial properties for the plant under heat-stress conditions; it facil-

itates the recruitment of specific microbial communities and the

differential accumulation of mineral nutrients in the plant or modu-

lates specific gene expression, aswell as increasingplant biomass

production. However, a high homogeneous temperature compro-

mises root growth and functional capacities, reducing plant adap-

tation to heat stress. Taken together, our data clearly indicate

that by cultivating plants with their root system in a temperature

gradient in the dark, we can reproduce a growth environment

similar to that found in the field. Based on the results presented

here, we envision that the use of TGRooZ technology will help re-

searchers to obtain reliable and close-to-field data and improve

our understanding of how plants respond to heat stress.
RESULTS

Roots are sensitive to high temperatures

Wewanted to analyze the effect of a high temperature over a long

period of time on plant growth. First, we noticed that in natural

soils, roots normally grow in a lower temperature than aerial plant

parts, and this likely protects the root system from excessive high

temperatures. In fact, a decreasing temperature gradient is

formed from the topsoil to the deeper layers in a natural soil

(Supplemental Figure 1A). We analyzed changes in the

temperature gradient in the field during day and night periods

for 4 days and found that the temperature variations were small

(Supplemental Figure 1B and 1C). Taking into account these

observations, we engineered a device called the TGRooZ to

generate a temperature gradient in the root-growing zone for

in vitro assays or greenhouse analyses. The TGRooZ consists

of a metallic growth box with a cold-regulable bottom container

(Supplemental Figure 1D); the temperature difference between

the bottom and the top of the device generates a gradient

that can be controlled by adjusting the temperature at the

bottom (Supplemental Figure 1D–1F). As indicated, the day-

night temperature variation at a 5- or 15-cm soil depth was

small. Therefore, although the TGRooZ device generates a day-

night static gradient, it can offer the advantage of studying the

plant response to heat stress in a controlled environment.

Seeds of Arabidopsis SKP2Bp::GUS, a marker line for lateral

root primordia formation, were germinated at 22�C, using

the D-Root device (Supplemental Figure 1E) to maintain the

roots in darkness (Silva-Navas et al., 2015). Four days after

germination, seedlings were exposed to either homogeneous

22�C (shoot and root at 22�C: 22SR seedlings), homogeneous

high temperature of 32�C (shoot and root at 32�C: 32SR

seedlings), or 32�C in the shoot and a temperature gradient in

the root zone (32TGRooZ seedlings) (Supplemental Figure 1F)
(s).



Figure 1. Effect of high temperature and a gradient in the root zone on seedling development.
(A) Representative images of 10-day old Arabidopsis seedlings grown at homogeneous 22�C (22RS), 32�C (32SR), or 32�C in the shoot with the

32TGRooZ. Scale bar, 0.5 cm.

(B) Quantification of primary root length.

(C) Quantification of the number of emerged LRs (eLR).

(D) Quantification of the number of LRP before emergence.

(E) Quantification of the fresh weight per seedling.

(F) Hypocotyl length from the root-shoot junction to the base of the shoot meristem.

(G) Cotyledonary angle. (B–G) n R 25. Significance was determined by ANOVA and Tukey’s honestly significant difference (HSD) post-test. p < 0.05.

Different letters indicate significant differences.
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for 6 more days. The high-temperature treatment (32SR) signifi-

cantly decreased root growth (Figure 1A and 1B) and lateral

root (LR) number, both the number of emerged LRs (Figure 1C)

and that of LR primordia (LRP) (Figure 1D). Consistent with the

decrease in LR emergence in 32SR seedlings, we found that, in

the root portion growing at 32�C after the transfer, the few LRP

that were formed did not progress beyond stage I, whereas

LRP developed normally in roots growing at 22�C (22SR) or in a

temperature gradient (32TGRooZ) (Supplemental Figure 2).

Strikingly, all deleterious root phenotypes associated with heat

stress were reversed or improved to different levels in the

32TGRooZ seedlings (Figure 1A–1D).
Shoot responses to prolonged heat stress depend
partially on root growth

We also analyzed the effect of prolonged high temperatures on

shoot development using the TGRooZ. We found that 32SR

plants produced a lower shoot biomass (Figure 1E). However,

the shoot biomass of 32TGRooZ seedlings was higher than

that of 22SR (Figure 1E), indicating a positive effect of high

temperatures on shoot growth when the root system was

growing in the TGRooZ device. We also quantified

the elongation of the hypocotyl and the cotyledonary petiole
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angle, two responses associated with increased temperature

in Arabidopsis (Gray et al., 1998; Sun et al., 2012). The

hypocotyl length of 32SR seedlings increased by more than

80% compared with 22SR, whereas the increase in 32TGRooZ

seedlings was slightly smaller (Figure 1F). The cotyledonary

petiole angle was significantly bigger in 32SR seedlings than in

22SR or 32TGRooZ seedlings (Figure 1G). These results

demonstrate that the impairment of root development linked to

high temperatures modulates some responses in the shoot,

such as biomass production or the cotyledonary petiole angle,

but not hypocotyl elongation, a response that seems to be

independent of root temperature.

We also analyzed the effect of heat and soil-root temperature on

plants growing in pots that contained soil. To do this, the TGRooZ

was adapted to hold soil-containing pots (Supplemental

Figure 1G) and generate a temperature gradient along the

soil layers (Supplemental Figure 1H). First, we tested the

effect of high temperature on leaf transpiration and leaf

temperature. We observed that 32SR plants had reduced

stomatal conductance compared with 22SR control plants,

and the conductance levels were restored in 32TGRooZ plants

even though their leaves were also growing at 32�C
(Supplemental Figure 3A). For these experiments, the soil water
ommunications 4, 100514, May 8 2023 ª 2022 The Author(s). 3



Figure 2. High temperatures decrease cell
division but activate QC proliferation.
(A) Confocal images of root meristems of 22RS,

32SR, or 32TGRooZ seedlings grown for 6 days

after the transfer. White arrowheads indicate the

QC, and arrows indicate the end of the meristem.

Scale bar, 50 mm.

(B) Meristem size from the QC to the last dividing

cell (n = 12).

(C) Confocal images of a z-stack of PI-stained

RAMs from 22SR, 32SR, or 32TGRooZ CY-

CB1;1:CYCB1;1-GFP seedlings grown for 6 days

after transplant. White arrows indicate the end of

the meristem. Scale bar, 50 mm.

(D)Number of cells showing a GFP signal at 3 days

(n = 10) or 6 days (n = 8) after transfer to different

temperatures.

(E) CYCB1;1 expression domain in the root

apical zone of seedlings grown for 6 days after

transfer at different temperatures.

(F) Confocal images of the QC labelled with the

WOX5p:GFP marker 6 days after transfer to

22SR, 32SR, or 32TGRooZ conditions. Scale

bars, 50 mm. Significance was analyzed by

ANOVA and Tukey’s honestly significant differ-

ence (HSD) post-test. p < 0.05. Different letters

indicate significant differences.
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content was maintained at similar levels across all treatments

(Supplemental Figure 4), ensuring that the decrease in stomatal

conductance was not due to water scarcity in the soil. We

also found that the leaves of 32SR plants had a significantly

higher temperature than those of 22SR or 32TGRooZ

plants (Supplemental Figure 3B and 3C). Although the recovery

was not total, leaves from 32TGRooZ plants were more efficient

in downregulating their temperature than those from 32SR

(Supplemental Figure 3B and 3D). These data indicate that leaf

temperature is influenced by both atmospheric and root-zone

temperatures.

Togeneralize the temperature-dependent rootgrowthphenotypes

to other plant species, we carried out similar analyses in tomato

plants using a modified TGRooZ device and increasing the tem-

perature from 26�C (optimal for tomato in in vitro assays) to 34�C
(Supplemental Figure 5A). We found that root growth and the

number of LRs were significantly decreased when plants were

exposed to homogeneous high temperatures of 34�C (34SR)

compared with 26�C (26SR), as occurred in Arabidopsis

(Supplemental Figure 5B). Likewise, when tomato plants were

cultivated at 34TGRooZ, root growth and LR number were

slightly increased. Compared with 26SR tomato seedlings,

shoot and root biomass were decreased in 34SR seedlings, but

the biomass was unchanged in 34TGRooZ (Supplemental

Figure 5B). These data indicate that tomato root and shoot

growth are also sensitive to excessively high temperatures, and

the use of TGRooZ can generate a better environmental

condition to study heat stress in crops.
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High temperature affects cell division
in the root apical meristem

Next,wedecided to investigate the causesof

the root growth reduction in response to heat
by analyzing the structure of the Arabidopsis root apical meristem

(RAM). The RAM of 32SR seedlings showed a significantly smaller

meristem size with fewer dividing cells that expressed the cell

division marker CYCB1;1:CYCB1;1-GFP (Ubeda-Tomas et al.,

2009) compared with 22SR plants (Figure 2A and 2B). The

Arabidopsis root meristem size was larger in 32TGRooZ than

32SR seedlings, but it did not completely recover the size of

22SR. These results indicate that a temperature gradient

promotes optimal root growth, but some other signals may also

control the size of the meristem.

Delving deeper, we explored whether the decrease in root mer-

istem size observed at high temperature could derive from de-

fects in the stem cell niche. The quiescent center (QC), located

in the RAM, harbors a group of cells with a low division rate that

replenish the stem cell niche (Dolan et al., 1993; Cruz-Ramı́rez

et al., 2013). Interestingly, using the WOX5:GFP marker to visu-

alize QC cells, we found more WOX5:GFP-expressing cells in

32SR seedlings compared with 22SR or 32TGRooZ seedlings

(Figure 2C), indicating that QC cell division was activated in

response to heat stress, likely to replace meristematic stem

cells that prematurely stopped proliferation or were damaged

because of the stress.

A temperature gradient in the root growth zone is
required to maintain optimal levels of ERF115 in the
RAM

ERF115 is a transcription factor that promotes cell renewal after

stem cell damage and responds to moderate changes in root



Figure 3. ERF115 is needed for root growth recovery in the TGRooZ.
(A) Confocal images of meristems of 22SR, 32SR, and 32TGRooZ pERF115:NSL-GUS/GFP. (Left) GFP-tagged expression in green. (Right) GFP over-

lapped with PI-stained roots. Scale bar, 50 mm.

(B)Confocal images of PI-stained root meristems of 22SR, 32SR, and 32TGRooZ wild type (WT), erf115mutant, ERF115 over-expressing (ERF115OE), or

ERF115SDRX seedlings. White arrowheads indicate the QC, and arrows indicate the end of the meristem. Scale bar, 100 mm.

(C) Quantification of root meristem size (n > 12), root length, number of LRs, and lateral root density of 22SR, 32SR, or 32TGRooZ WT, erf115 mutant,

ERF115OE, or ERF115SDRX seedlings at 6 days after transfer to different temperatures (n R 12). Significance was analyzed by ANOVA and Tukey’s

honestly significant difference (HSD) post-test. p < 0.05. Different letters indicate significant differences.
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temperature to control cell division and stem cell replenishment

in the QC (Heyman et al., 2013). Using the D-Root system to

grow roots in darkness, we found that pERF115:NLS-GUS/

GFP was slightly expressed in QC cells and vascular cells of

22SR seedlings (Figure 3A). However, this expression

significantly increased in response to 32�C in QC, vasculature,

and pericycle cells. By contrast, the expression of ERF115

in 32TGRooZ seedlings was similar to that in 22SR

(Figure 3A), indicating a local response to the temperature in

the root growth zone. The loss-of-function erf115 mutant

grown at 22�C showed root meristem size and root length

similar to those of 22SR wild-type (WT) seedlings. However,

at 32�C, the root meristem size of erf115 was significantly

smaller (Figure 3B and 3C). Furthermore, the meristem size

recovery of 32TGRooZ was limited for erf115 (72%) compared

with WT seedlings (90%) (Figure 3C). This effect might

be due to a higher sensitivity of the erf115 root meristem

to the temperature variations generated along the gradient,

correlating with a reduction in root growth of the mutant.

As expected, WT and erf115 seedlings showed a similar trend

in the number of emerged LRs in response to changes in

temperature in the root zone (Figure 3C), as mutation of

ERF115 does not seem to affect the number of emerged LRs

(Canher et al., 2021). However, over-expression of ERF115

slightly increases the LR density, a parameter that is not fully

recovered in the TGRooZ. Whether this decrease is due to a

decrease in LR emergence or LR specification is not known

and should be analyzed in the future. It is possible that, in

response to high temperatures, over-expression of ERF115

activates a response that decreases cell division in the

primordia and slows LR emergence.
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Root temperature drives transcriptional response to
heat stress in the plant

Based on our observations, we hypothesized that plant molecular

responses to high temperature might be influenced by the

temperature in the root zone. To demonstrate this, we carried

out comparative pairwise transcriptomic analysis of shoots or

roots from WT Arabidopsis seedlings grown under 22SR, 32SR,

and 32TGRooZ conditions. We found that high temperatures

of 32�C compared with 22�C had a strong effect on gene expres-

sion in both root and shoot, affecting more than 7000 genes

(Supplemental Table 1A–1F), including many transcription

factors (Supplemental Table 1G). Interestingly, 34 of them belong

to the ERF family, indicating that this family probably plays an

important role in the response to heat, as demonstrated above

by the function of ERF115. Hierarchical clustering of the genes

with the greatest variance showed that gene expression in the

roots of 32SR seedlings was significantly different from that in

roots of 22SR or 32TGRooZ seedlings (Supplemental Figure 6A

and Supplemental Table 1A–1C). Gene ontology analyses of

differentially expressed genes in the root showed an enrichment

in heat stress, water deficiency, response to temperature, RNA

modification, oxidative stress, and response to hypoxia, among

many other terms (Figure 4A). We also noticed that gene

expression in the shoot of 32SR or 32TGRooZ seedlings was

significantly different from that in the shoot of 22SR seedlings

(Supplemental Figure 6B and Supplemental Table 1D–1F). Gene

ontology analyses of differentially expressed genes in the shoot

showed an enrichment in photosynthesis, light and auxin

signaling, response to temperature, and protein folding, among

other categories (Figure 4B). Interestingly, although the shoots of

32SR and 32TGRooZ seedlings were grown at similar high
ommunications 4, 100514, May 8 2023 ª 2022 The Author(s). 5



Figure 4. Temperature gradient in the root zone modifies gene expression in roots and shoots in response to heat.
Gene ontology category heatmap of genes differentially expressed in roots (A) or shoots (B) in response to temperature. (1) 32TGRooZ vs 22SR; (2) 32SR

vs. SR22; and (3) 32SR vs. 32TGRooZ comparisons. Red and blue boxes correspond to induced and repressed genes, respectively.

(C) Representative pictures of DR5:GUS seedlings grown for 4 days at 22�C and then transferred to fresh medium containing 0, 10, 20, 50, or 100 nM

indole acetic acid (IAA, auxin) and to 22�, 32�C, or 32TGRooZ for 6more days. Thewhite dots indicate the point of the RAMat the transfer. Scale bar, 1 cm.

(D) Shoot and root apical zone of DR5:GUS seedlings grown as in (C) and stained for GUS activity. Scale bar, 400 mm for shoot pictures and 100 mm for

root pictures.

(E) Root length of seedlings grown as in (C).

(F) Number of LRs of seedlings grown as in (C).

(G) Fresh weight of WT, axr1-12, or tir1-1 grown for 4 days at 22�C and then transferred to 22SR, 32SR, or 32TGRooZ conditions for 6 additional days.

Significancewas analyzedbyANOVAandTukey’s honestly significant difference (HSD) post-test. p<0.05.Different letters indicate significant differences.
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temperatures, almost 700 genes showed a significantly different

expression level (Supplemental Table 1F). These genes were

enriched in auxin response, oxygen levels, protein refolding, and
6 Plant Communications 4, 100514, May 8 2023 ª 2022 The Author
response to nutrient starvation and iron transport, among other

terms (Supplemental Figure 6C and Supplemental Table 1F).

Because auxin regulates growth, we decided to analyze the role
(s).



Figure 5. Effect of high temperature and a temperature gradient in the root zone on heat-response mutants.
(A) Root lengths of 22SR, 32SR, and 32TGRooZ WT and mutant seedlings.

(B) Total root length (main plus LR length) of 22SR, 32SR, and 32TGRooZ WT and mutant seedlings.

(C) Number of emerged LRs of 22SR, 32SR, and 32TGRooZ WT and mutant seedlings (n R 24). Significance was analyzed by ANOVA and Tukey’s

honestly significant difference (HSD) post-test. p < 0.05. Different letters indicate significant differences.
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of this hormone in response to high temperature. First, using the

DR5:GUS marker, we found higher GUS activity in both shoot

and root apical areas of seedlings grown at homogeneous 32�C
compared with 22SR seedlings (Figure 4D). Interestingly, this

higher GUS activity was decreased in 32TGRooZ seedlings to

basal levels, even when the shoots were exposed to high

temperatures. These data indicate that auxin signaling in

response to heat stress, in both shoots and roots, is influence by

the temperature in the root zone. This DR5:GUS activation

correlates with the lower expression of some Aux/IAA and SAUR

genes in the shoots of the 32SR seedlings (Supplemental

Table 1F), which could negatively regulate the auxin response

(Powers and Strader, 2020) and growth, respectively (Ren and

Gray, 2015; Stortenbeker and Bemer, 2018). In addition, we

found that a combination of exogenous auxin application

and high temperature enhanced the root growth inhibition

phenotype. However, this root growth inhibition was lower in

32TGRooZ seedlings supplemented with 20 or 50 nM of auxin

than in roots from 22SR or 32SR seedlings (Figure 4E).

Furthermore, we found that a low concentration of exogenous

auxin (10 nM) increased LR emergence in 22SR or 32TGRooZ

seedlings but not in 32SR seedlings (Figure 4F). We also

analyzed the effect of high temperature on axr1-12 (Lincoln et al.,

1990) and tir1-1 (Ruegger et al., 1998), two mutants with

decreased auxin signaling. In contrast to WT plants, neither

mutant showed an increase in shoot growth when cultivated at

32TGRooZ compared with 22SR (Figure 4G). Taken together,

our data suggest that correct auxin signaling is needed for shoot

growth in response to heat and that shoot responses to high

temperatures are partially influenced by soil-root temperature

and seem to be mediated, at least in part, by auxin signaling.

Chaperone function modulates root development under
heat stress

In the transcriptomic comparisons, we identified genes involved in

the response to extreme temperature that were induced in both

roots and shoots in all comparisons (32SR vs 22SR, 32SR vs

32TGRooZ, and 32TGRooZ vs 22SR) (Supplemental Figure 7A

and 7B, Supplemental Table 1J). A gene ontology analysis of this

gene set identified protein folding as a common functional

category (Supplemental Figure 7C and 7D). Among the induced

root and shoot common genes, we identified the HSFA2

transcription factor and the two heat shock proteins (HSPs)
Plant C
HSP90.1 and HSP70.2, which are involved in stress responses,

thermomemory, and protein folding (Schramm et al., 2006; Wang

et al., 2016; Leng et al., 2017; Friedrich et al., 2021), as well as

the NAC085 transcription factor, which is involved in G2 arrest in

response to heat stress (Takahashi et al., 2019). Interestingly,

a gene network identified several HSP genes as targets

of ERF115, including HSP90.1 (Supplemental Figure 7E),

suggesting a direct connection between ERF115 and the heat

responses mediated by HSPs. Analyses of the homozygous

mutants for these genes at 22�C showed that their primary root

length was similar to that of WT seedlings (Figure 5A). At 32�C,
root growth was severely compromised in all genotypes

(Figure 5A). Using the TGRooZ, we found that the root growth of

nac085 and hsp90.1 seedlings recovered to levels similar to WT

plants, while the root length of hsf2a and hsp70.2 remained

significantly smaller (Figure 5A), indicating that they may function

in the control of main root growth during heat stress. A similar

trend was observed for total root length (length of primary root

and LRs), but for this trait, the recovery was significantly smaller

in all mutants compared with WT plants (Figure 5B), indicating an

important role of chaperones in LR growth. Indeed, the LR

number was significantly decreased by the effect of high

temperature in all genotypes (Figure 5C), but this parameter was

not fully recovered in these mutants when grown at 32TGRooZ,

except for hsp90.1 (Figure 5C). By contrast, when growing in

32TGRooZ, the hsp70.2 mutant showed a significantly lower

number of LRs than control seedlings (Figure 5C), suggesting an

important role of this gene in LR development under heat stress.

Wealsoanalyzed theeffectof thedifferent temperature treatments

on hypocotyl length (Supplemental Figure 8A) and cotyledonary

petiole angle (Supplemental Figure 8B) in these mutants.

In general, we did not find any significant difference in either

response between WT plants and mutants in the 22SR, 32SR,

or 32TGRooZ treatments, with the exception of the hsfa2

mutant, which did not increase the cotyledonary petiole angle in

response to heat (32SR) (Supplemental Figure 8B). These data

suggest that HSFA2 functions in the leaf hyponastic response

needed to elevate the cotyledons from the soil in response to heat.

Heat stress affects plant phosphate nutrition

To better understand the influence of the TGRooZ on the plant

transcriptome, we overlapped the differentially expressed genes
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Figure 6. High temperatures affect Pi nutrition.
(A) Venn diagrams of differentially expressed genes (DEGs) between different comparisons (up- or downregulated genes) in roots or shoots. Circled

numbers indicate the number of genes specifically deregulated between 32TGRooz and 22SR but not under other conditions.

(B) Gene ontology (GO) heatmap of specific genes (circled in A) in roots (R) or shoots (S) that were up- or downregulated (red and blue rectangles,

respectively).

(C) Venn diagrams of DEGs deregulated by Pi starvation and by the effect of temperature between 32TGRooZ and 22SR in both roots and shoots. Red

and blue boxes correspond to up- and downregulated genes, respectively.

(D) Free Pi level in roots or shoot of SR22, SR32, or 32TGRooZ Arabidopsis seedlings grown in a medium containing Pi for4 days and then transferred to

different temperatures for 6 additional days. Values correspond to nmoles Pi per plant.

(E and F) Root length (E) and emerged LRs (eLR) (F) in WT, phr1 phl1, or pho2mutants grown for 4 days at 22�C and then transferred to 22SR, 32SR, or

32TGRooZ conditions for 6 additional days. Significance was analyzed by ANOVA and Tukey’s honestly significant difference (HSD) post-test. Different

letters indicate significant differences.

(G) Shoot or root fresh weight of WT, phr1 phl1, or pho2mutants grown for 4 days at 22�C and then transferred to 22SR, 32SR, or 32TGRooZ conditions

for 6 additional days. Values are expressed relative to those at 22�C.
(H) Shoot Pi level (nmoles/plant) in WT, phr1 phl1, or pho2 mutants grown as in (G). Values are expressed relative to those at 22�C. Asterisks indicate

significant differences with respect to 22�C by t-test. **p < 0.01; ***p < 0.001.
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between all comparisons among treatments (Figure 6A and

Supplemental Table 1H). We focused on those genes that were

differentially expressed in root and shoot between 22SR

and 32TGRooZ experimental conditions because they were

most likely to reflect the response to a heat wave in a natural

field. Gene ontology analyses showed an enrichment in terms

related to hormone signaling (auxin and salicylic acid), the

cell wall, and anion transport, among others (Figure 6B).

Analyzing the inorganic anion transport category, we found

several phosphate (Pi) transporters, an observation that is in

agreement with the suggested interconnection between Pi and

temperature (Pacak et al., 2016; Giri et al., 2017; Singh et al.,

2018). Furthermore, we found a significant overlap between

genes deregulated by Pi starvation in roots (Silva-Navas et al.,

2019) and shoots (del Pozo, unpublished) and genes
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deregulated by heat stress in both roots and shoots (Figure 6C

and Supplemental Table 1I). Among them, we found several

Pi starvation transporters and signaling genes that were

upregulated by the effect of heat (Supplemental Figure 9A

and Supplementary Table 1I). A recent study reported a curated

collection of genes (the known ionome gene [KIG] list) that

were experimentally demonstrated to participate in uptake,

accumulation, or distribution of mineral nutrients in plants (Whitt

et al., 2020). We found a significant overlap between this KIG

gene set and our temperature-deregulated gene set

(Supplemental Table 2). Remarkably, PHR1 and PHL1, two key

regulators of the Pi response, and PHO2, a regulator of Pi

transport to the xylem, were downregulated in response to heat

in almost all comparisons (Supplemental Figure 9A), whereas

several Pi transporters were upregulated in roots or shoots in
(s).
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response to heat (Supplemental Figure 9B). It is likely that the

plant differentially adjusted the expression of these Pi

starvation response regulators and transporters to establish a

new Pi homeostasis during heat stress. Next, we measured the

cellular free Pi content in plants exposed to the different

temperature treatments. We found that Pi levels in 32SR

seedlings were significantly lower, in both shoots and roots,

than those in 22SR seedlings (Figure 6D). Interestingly, Pi levels

were recovered in both shoots and roots of 32TGRooZ

seedlings (Figure 6D), indicating that, during heat stress,

correct Pi homeostasis is maintained if the roots are cultivated

in a dark environment with a temperature gradient. We

analyzed the effect of heat stress on the phr1 phl1 double

mutant, which exhibits a decreased Pi starvation response

(Bustos et al., 2010), and pho2, which shows an over-loading of

Pi from root to shoot (Liu et al., 2012). We found that the heat

response of the phr1 phl1 mutant was similar to that of WT

plants in terms of root length and LR emergence (Figure 6E, 6F

and Supplemental Figure 9C). However, pho2 root elongation

(but not LR number) was recovered in the TGRooZ and

was higher than that of WT seedlings (Figure 6E and 6F). The

shoot weight of the phr1 phl1 mutant showed less recovery in

TGRooZ than that of control seedlings, whereas the shoot

weight of the pho2 mutant showed significantly higher

recovery, consistent with its higher shoot Pi content

(Figure 6G). This phenotype was more noticeable in the

recovery of root biomass (Figure 6G). Interestingly, the amount

of free Pi was significantly decreased in the phr1 phl1 mutant in

response to heat, probably because it was unable to fully

activate the Pi starvation response, whereas Pi accumulation in

the pho2 mutant increased when it was grown in the TGRooZ.

Taken together, these data suggest that a reduction in Pi

responses or lower Pi accumulation contributes, at least in part,

to the decrease in shoot growth during heat stress.
High temperature in the root system affects bacterial
community assembly and root functionality

To further understand the relationship between high temperature

and root function, we compared the bacterial community compo-

sition and ionome of tomato plants whose root growthwas limited

by excessive high temperature. Tomato seedlings were grown in

natural soil and exposed to three different temperature regimes:

22SR, 36SR, and 36TGRooZ (a root temperature gradient that

partially mimicked real soil conditions). We determined their

shoot mineral nutrient accumulation (ionome) and found that, in

general, mineral nutrient accumulation patterns were similar in

22SR and 36TGRooZ leaves but differed in SR36 leaves

(Supplemental Figure 10A). Consistent with the transcriptional

analysis, in which the expression of several ion transporters

was deregulated, different temperature regimes altered the

levels of various mineral nutrients in leaves, including P, Cu, B,

Mo, As, Rb, and K (Supplemental Figure 10B). These results

suggest that changes in tomato mineral nutrition are influenced

by soil temperature and likely by root functionality.

We compared bacterial community profiles in the rhizosphere

and root using 16S rRNA amplicon sequencing. Across all tem-

peratures used, soil and rhizosphere samples supported higher

bacterial alpha diversity and richness indexes compared with

roots (Supplemental Figure 11A and 11B), a difference that has
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been systematically observed in natural environments where

the species richness is lower in the plant than in the soil

(Castrillo et al., 2017; Finkel et al., 2019).

As in previous experiments (Castrillo et al., 2017; Finkel et al.,

2019), the original soil (inoculum), rhizosphere, and roots

assembled diverse bacterial communities; the differences

among these fractions explained most of the variance in

community composition (Supplemental Figure 12A). Compared

with the rhizosphere and soil fractions, the tomato root samples

were mainly enriched in Proteobacteria and Bacteroidetes and

depleted in Acidobacteria, Gemmatimonadetes, Firmicutes,

Chloroflexi, and Verrucomicrobia (Supplemental Figure 12B and

12C). Consistent with the ionomic data, we noticed that the

bacterial profile in roots of high-temperature-treated plants

(36SR) differed from that of 22SR and 36TGRooZ plants

(Supplemental Figure 12B and 12C). Furthermore, 36SR tomato

roots showed a clear increase in Actinobacteria, a phylum that

is normally decreased in healthy roots (Castrillo et al., 2017;

Finkel et al., 2019) (Supplemental Figure 12B and 12C).

We further investigated the effect of high temperature on root

bacterial community composition. Canonical analysis of principal

coordinates showed significant differences in root bacterial com-

munity composition across the temperature treatments

(Figure 7A). These differences were robust in both fractions, the

rhizosphere and the root (Figure 7A and 7B). We noticed that

the rhizosphere and root microbiome compositions were similar

in tomato 22SR and 36TGRooZ plants and differed significantly

from those of 36SR plants (Figure 7). This observation was

consistent at different phylogenetic levels (Figure 7C and 7D),

indicating that high temperature in the soil, but not in the shoot

(comparison between 36SR and 36TGRooZ), influences the

capacity of the root to assemble an intact microbiome. The

high-temperature effect of 36�C on root microbiome composition

and plant mineral nutrient accumulation, in contrast to 22�C or

TGRooZ in heat-stressed plants, emphasizes the protective

role of the soil in buffering high temperature fluctuations to pre-

serve root function. Taken together, these results suggest that

changes in the root function of tomato are likely to be a direct

consequence of high temperature on the soil, the alterations in

the microbiota, or the interaction of both.

DISCUSSION

In this work, we used a novel approach that reflects natural soil

properties in many aspects to demonstrate that a temperature

gradient in the root ecosystem is essential for studying and under-

standing the whole-plant response to heat stress. In general,

in vitro and greenhouse studies have not considered the temper-

ature in the root zone when analyzing the effect of heat stress

(Heckathorn et al., 2013; Valdés-López et al., 2016; Chen and Li,

2017; Estravis-Barcala et al., 2021; Pei et al., 2021). In response

to warming temperatures, which are normally optimal and non-

detrimental for plant growth, one of the thermomorphogenetic re-

sponses is the elongation of roots. By contrast, when entire plants

are cultivated at high temperatures (above optimal), root growth is

arrested and LR formation is blocked, decreasing root function-

ality and negatively affecting shoot biomass. Here, we present

robust data showing that a high temperature in the root growing

zonehas a strong impact on plant development, physiological
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Figure 7. High soil temperatures select different rhizosphere and root microbiome compositions.
Rhizosphere and root microbiome compositions of tomato plants grown at 22�C (22SR) and 36TGRooZ are similar, and both are significantly different

from the microbiomes found in plants grown at 36�C (36SR).

(A) Principal coordinate analysis (PCoA) based on Bray-Curtis dissimilarities between bacterial communities in roots or (B) rhizospheres of tomato plants

grown at 22�C (22SR), 36�C (36SR), or 36TGRooZ for 4 weeks.

(C) Heatmaps showing root and rhizosphere enrichment patterns of different taxonomic units (phylum, class, order, family, genus) or (D) amplicon

sequence variants (ASVs) across all versus all contrasts between temperature conditions used in (A). The cells of the heatmaps are colored based on the

log2 fold change estimated from a generalized linear model contrasting the abundance of each taxonomic unit at each temperature with respect to

another in each contrast. Squares outlined in black represent taxonomic units at each taxonomic level that were significantly enriched (red) and depleted

(blue) in each comparison (q < 0.05).
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and molecular responses, and microbiome assembly. The

TGRooZ provides a novel and useful approach for studying heat

stress in the shoot and roots. This approach can help to identify

new solutions and facilitate plant breeding programs to obtain

moreheat-tolerant cropsor to test newmicrobes toenhanceplant

tolerance to heat under closer-to-field conditions. Thus, the

knowledge generated using the TGRooZ can be useful for coping

with the negative effects of global warming and heat waves on

crops.
Soil temperature in the root growing zone is important
for plant growth and development

In natural ecosystems, soil temperature is affected by several fac-

tors, such as environmental temperature, water content, soil
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compaction, and organic material, among others (Elias et al.,

2004). Soil temperature affects many soil physical-chemical

properties and living processes that have an impact on

plant growth and environmental adaptation (onwuka, 2018;

Smith, 2000). A recent work found that soil surface temperature

increases, proportionally, more rapidly than air temperature

(Zhang et al., 2016). This work predicted that soil respiration

will increase by up to 28%, reinforcing the idea that

climate warming affects the soil ecosystem and perturbs plant

growth. To analyze the effect of heat on soil temperature, in

July 2019 in Spain (with an average atmospheric temperature of

34�C but with heat wave peaks over 40�C), we measured the

temperature of natural soil at different depths from the

top surface down to 14 cm in order to estimate the temperature

gradient that formed naturally in the soil. However, we
(s).
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should take into account that this gradient will depend on

physical soil characteristics such as humidity or compaction,

among others. We observed that a decreasing temperature

gradient was formed in the root growth zone (Supplemental

Figure 1A). These data were used to engineer the TGRooZ

device that generates a temperature gradient in the plant

growth substrate (agar-containing plates or soil) to simulate

natural conditions during a heat wave in an enclosed

ecosystem (plant growth chamber or greenhouse), where

we can control the environmental temperature. In addition,

we measured the day-night fluctuation over 4 days in a

natural soil in Spain in June 2022. We found that the soil has a

stronger temperature buffering capacity at a 15-cm depth

than at a 5-cm depth, whereas the temperature fluctuation is

significantly greater at the top surface (Supplemental Figure 1B

and 1C). This is in agreement with soil thermal diffusivity

analyses showing that superficial soil (5 cm) experiences

greater temperature variation, whereas at 15 cm or below,

temperature changes are buffered across the different seasons

(Brunetti et al., 2021). Using the TGRooZ, we provide strong

evidence that the soil-root temperature is essential for the plant

to activate a full response to heat, conditions that cause severe

cellular damage and organ failure (Hasanuzzaman et al., 2013;

Qi and Zhang, 2020; Liu et al., 2022). However, the severity of

the damage depends on the species, the genotype, and the

context of the stress, as these responses are different if the

plant encounters gradual temperature variation or if it suddenly

faces a high-temperature wave (Larkindale and Vierling, 2008;

Gomaa et al., 2011; Zhang et al., 2015). During their lifetime,

roots face many hostile environmental conditions that affect

growth and development. In response to high temperatures,

plants decrease root growth and root meristem size in vitro

(Yang et al., 2017; Liu et al., 2022). It was reported that heat

stress shortens the cell elongation zone, decreasing cell flux

from the meristem to the elongation area and stopping root

growth (Baskin et al., 1992), likely by decreasing cell division in

the root meristem. We found similar phenotypes in plants

exposed to a shoot-root homogeneous temperature of 32�C.
However, if seedlings were grown in a TGRooZ, with conditions

more similar to the field, root growth was not affected, and

meristem size was recovered to the level found at optimal

temperatures. Hypocotyl elongation, a trait associated with

warming (Gray et al., 1998; Bellstaedt et al., 2019; Gaillochet

et al., 2020; Lee et al., 2021b), was the unique parameter that

was slightly recovered in TGRooZ plants. This suggests that

this response mainly depends on the atmospheric temperature

surrounding the shoot, although the root temperature can

partially influence it.

The gene expression response to heat is strongly conditioned

by root temperature (Figure 4). Here, we show that the gene

expression of shoots exposed to high temperature is

modified when the root system is cultivated in a temperature

gradient. It should be noted that many of these differentially

expressed genes are related to auxin signaling and are

downregulated in plants subjected to homogeneous 32�C
compared with those growing in the TGRooZ. A large portion

of these genes correspond to members of the SAUR family

that are involved in growth control mediated by auxin

(Stortenbeker and Bemer, 2018). Auxin plays an essential role

in shoot growth and biomass production (Tivendale and
Plant C
Millar, 2022) and heat stress-induced thermomorphogenetic re-

sponses, including hypocotyl elongation and leaf hyponasty

(Gray et al., 1998; K€upers et al., 2020). Thus, a decrease in

auxin signaling might explain, at least in part, the observed

decrease in shoot biomass. In this sense, axr1-12 and tir1-1,

two mutants with impaired auxin responses, do not fully

recover the shoot growth, suggesting an important role of

auxin in this process during heat stress. It should be noted

that auxin responses require the activity of HSP90 because

this chaperone stabilizes TIR1, one of the auxin co-receptors,

at high temperatures (Wang et al., 2016), thereby connecting

heat stress and auxin signaling. We found that several

chaperones, including HSP90.1, were induced by heat. It is

also possible that some of these chaperones are regulated by

ERF115, connecting DNA damage, activation of QC cell

division, and auxin signaling. However, further experiments

need to be done to clarify this possibility.

Based on our data, we strongly believe that use of the TGRooZ

can improve our understanding of how plants respond, as entire

organisms (shoots and roots), to heat stress and also improve the

translation of laboratory data to field trials.
Heat stress affects stem cell activity

Plant root growth and development rely on a coordinated balance

between cell division and differentiation. In the RAM, the stem cell

niche supplies new cells to the root pool by continuous cell divi-

sions to sustain growth. This stem cell niche is organized and

maintained by a small group of cells called the QC that rarely

divide (Dolan et al., 1993; van den Berg et al., 1997). The QC

cells can replenish the stem cell niche when its cells are

damaged or prematurely differentiated (Cruz-Ramı́rez et al.,

2013). It was shown that ERF115 functions in slowing QC cell

division and ensures the longevity of the stem cell niche

(Heyman et al., 2013), whereas cytokinin activates the cell

division of QC cells in Arabidopsis roots (Zhang et al., 2013). In

dark-grown roots exposed to excessive high temperature,

ERF115 expression is induced in QC, pericycle, and vascular

cells, probably to prevent their collapse. Interestingly, if ERF115

is ectopically over-expressed, the resulting plants do not fully

recover root growth in the temperature gradient. A possible

explanation for this effect could be that ERF115OE roots are

temporarily exposed to high temperature in the upper part of

the gradient, activating a stress-response system that,

combined with an over-accumulation of ERF115, delays root

growth. In addition, acute high temperature has strong effects

on the root meristem of ERF115 over-expressing plants, likely

because of a constitutive over-response of ERF115 signaling. It

should be noted that, as a general trend, stronger propidium

iodide staining was observed in erf115 mutant than in 32SR WT

seedlings, suggesting a higher rate of cell death in the meriste-

matic area. The response to cell death and DNA damage is

controlled by the SOG1 pathway (Bourbousse et al., 2018),

which seems to control the transcription of ERF115, as well

as ANAC085 and HSP70.2, among others. These data

suggest that high temperatures in the root meristem lead to

cell death and/or DNA damage, inducing a rescue system

that involves ERF115, ANAC085, and HSP. In this work, we

show that several ERF transcription factors with functions

in cytokinin signaling (Rashotte et al., 2006) are activated, but
ommunications 4, 100514, May 8 2023 ª 2022 The Author(s). 11



Plant Communications Temperature changes and plant functionality
only by the effect of high homogeneous temperatures

(Supplementary Table 1G), suggesting that they might regulate

QC cell division via ERF-cytokinin signaling (Zhang et al., 2013).

ERF members related to ethylene signaling such as ERF109 or

ERF114 (Kong et al., 2018) are repressed and upregulated,

respectively, indicating a complex balance of ERF family

members in response to heat. The maintenance of the stem cell

subpopulation to replace damaged stem cells might represent

a general mechanism for ensuring a functional stem cell niche

under stress conditions, including extremely high temperatures

(Ubogoeva et al., 2021). Stress signals activate QC cell

proliferation with the aim of restoring root growth in the case of

major damage. In rice, the ERF115 ortholog is involved in heat

and drought stress tolerance (Park et al., 2021). In recent years,

an emerging role for plant ERF transcription factors in stress

responses is becoming evident. In our transcriptomic data, we

identified a greater number of ERF factors (Supplemental

Table 1) differentially expressed in response to heat stress than

previously indicated (Heyman et al., 2018). Our data suggest

that ERF115 is needed to sustain root growth in response to

high temperatures and also to maintain meristem activity when

the shoot is subjected to high temperatures, as erf115

seedlings do not fully recover root meristem size to control

levels when grown in the TGRooZ. Similarly, root growth does

not fully recover in the hsfa2 mutant grown in a root

temperature gradient. Interestingly, a gene regulatory network

for cellular reprogramming in plant regeneration shows that

ERF115 andHSFA2 are co-regulated by similar transcription fac-

tors of the LOB/AS2 family (Ikeuchi et al., 2018), suggesting an

interconnection between these two genes. HSFA2 regulates the

expression of HSPs and is required for the acquisition and

extension of plant thermotolerance (Charng et al., 2006).

Analyses of mutants of individual members of the HSP 70

(HSP70.2) family did not reveal morphological phenotypes

(Leng et al., 2017). Under these conditions, heat stress

decreases root growth and the number of LRs formed in

32TGRooZ hsp70.2 mutant seedlings, indicating that this gene,

similar to HSFA2, might connect shoot heat stress responses

with root development. Using the TGRooZ, we have been able

to identify new genes that function in root responses to heat

stress. This has been possible because the root responses

are not blocked by the excessively high temperature that is

normally used in heat stress experiments, supporting the

idea that plants under heat stress should be cultivated with the

root system in a temperature gradient like that observed in

the field.
Heat stress affects plant Pi nutrition

Different transcriptomic analyses have pointed out the intercon-

nection between high temperature and Pi starvation responses

(Pacak et al., 2016; Giri et al., 2017). Here, we show that high

temperatures affect several genes related to Pi starvation and

decrease the level of Pi in roots and shoots. The KIG collection

of genes involved in plant ionome composition was significantly

regulated by temperature in shoots and roots. Interestingly, two

of the main Pi starvation regulators were downregulated in

accordance with our data, showing an increase in Pi nutrition

pathways and accumulation (Whitt et al., 2020). Remarkably, a

significant number of these KIG genes were also regulated by

temperature in the root and shoot. Mutation of PHO2 increases
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the Pi level in the shoot by increasing the activity of the PHO1

transporter (Bari et al., 2006; Pacak et al., 2016). Mutations of

PHR1 and its homolog PHL1, key transcription factors that

regulate the Pi starvation response, decrease the level of Pi in

the shoot (Rouached et al., 2011). In response to high

temperatures, PHR1 and PHO2 were downregulated, but levels

of PHO1:3 increased. However, contrary to our expectations,

these 32SR seedlings accumulated a lower Pi level in their

shoots. It is possible that high temperature alters the Pi balance

and that seedlings therefore respond by regulating a set of Pi-

related genes to equilibrate Pi homeostasis during heat stress.

As high temperatures decrease Pi nutrition, it is possible that

this decrease could be one of the major limiting factors affecting

plant growth. This idea is supportedby the fact thatpho2accumu-

lates a greater Pi content in response to heat, but onlywhen plants

are grown under TGRooZ conditions. Interestingly, this greater

accumulation correlates with an increase in pho2 biomass pro-

duction. Our results indicate a close correlation between heat

stress and Pi nutrition; therefore, the TGRooZ will be useful for

analyzing plant nutritional status during climate change.
Microbiome assembly and plant growth are influenced
by soil temperature

Nutrient availability and plant productivity are determined to a

large extent by soil properties and the soil microbial community

inhabiting the root. The soil microbiota can be affected by diverse

soil factors such as nutrient content, pH, and soil texture

(Chaparro et al., 2012). The effects of climate change factors

such as elevated CO2, drought, and higher temperature on bene-

ficial plant–microbe interactions are increasingly being explored.

For example, soil temperature affects the recruitment of micro-

biota by plant roots (Compant et al., 2010; Rousk et al., 2012),

and increased soil temperature may help roots to select

microbial species that possess heat tolerance mechanisms and

high growth rates rather than temperature-sensitive and slow-

growing microbes (van der Voort et al., 2016). This community

disturbance might lead to changes in plant growth, pathogen

protection, or abiotic stress responses (Hariprasad et al., 2021;

Vogel et al., 2021).

A hypothetical model based on the responses of microbial

communities to temperature sensitivity suggests that the growth

of bacterial and fungal soil communities tends to increase

under moderately high temperatures; however, microbial diversity

decreases significantly when the soil is exposed to a continuous

high temperature (Nottingham et al., 2019). This decrease

in diversity was also observed when soil was incubated at

35�C for a long period of time (Lin et al., 2017); during a wildfire,

which increases the soi temperature to abnormally high

levels, leading to a decrease in microbial activity and major

changes in microbial communities (Ferrenberg et al., 2013; Jolly

et al., 2015); and during solarization (soil heating) to sterilize

soil, a procedure widely used in agriculture to eliminate

or decrease the soil microbiota (Katan and Gamliel, 2014). Here,

our data clearly show that plants exposed to shoot/root

homogenous high temperature accommodate a different

rhizosphere- and root-associated microbiome than plants grown

at a lower temperature or with a high shoot temperature of

36�Cand roots in a temperature gradient, conditions that replicate

soil changes in natural ecosystems. We found that homogeneous
(s).



Temperature changes and plant functionality Plant Communications
high temperature changes the beta diversity of both the rhizo-

sphere and the root-associated microbiome, as well as mineral

nutrient accumulation in leaves.

In general, the microbiome characteristics of tomato plants under

optimal temperature described in this manuscript replicated

general observations found in tomato plants in other published

papers (Lee et al., 2021a). It is well established that plants

under stress can change the root microbiome composition,

enhancing the reproduction of beneficial microbes that

represent an advantage for plant fitness. As high temperature

can modulate the plant immune system (Huot et al., 2017),

we speculate that part of the tomato plant’s response to

high temperature might overlap with the activation of plant

defense, with the plant sensing an increase in temperature

partially as a pathogen attack. In line with this hypothesis,

the abundance of Actinobacteria was higher in the rhizosphere

of tomato plants that were tolerant to bacterial wilt disease

than in that of susceptible plants, whereas the abundance

of Proteobacteria was lower (Huot et al., 2017). Therefore,

changes in Actinobacteria and Proteobacteria observed in

36SR tomato plants might be associated with the plant stress

response and specifically with changes in the activation of

plant immune system components. Thus, changes in the ratio

of Actinobacteria to Proteobacteria indicate that high

temperatures alter the capacity of the root to recruit a

typical microbiota. This observation supports the idea that the

root might function as a sensing hub for abiotic and biotic

stresses and that high soil temperature, but not the gradient of

temperature in the root, disturbs the equilibrium and affects

root functionality. Nevertheless, this hypothesis must be tested

in future analyses.

Taken together, our results demonstrate that over-warming the

soil compromises root function, which in turn may decrease plant

capacity to cope with environmental changes. We envision that

the system provided here, TGRooZ, will help with the design of

new experiments aimed at mitigating the coming heat waves

caused by climate change. In addition, our approach will be help-

ful for studying root growth and adaptation of soil-grown plants in

response to heat, a trait that has been understudied in the last de-

cades and that will definitely result in improved harvests and food

security.
METHODS

Plant material

In this work, we used Arabidopsis ecotype Columbia and the tomato

variety ‘Moneymaker.’ We used SKP2Bp:GUS (Manzano et al., 2012)

as a marker for LRP, as well as the reporter line WOX5:GFP (Sarkar

et al., 2007) and the marker line CYCB1;1:CYCB1;1-GFP (Ubeda-

Tomas et al., 2009). The Arabidopsis mutants were obtained from

the NASC stock center with the following code numbers: SALK_

208662 (NAC085 AT5G14490); SALK_008978 (HSFA2 AT2G26150);

SALK_085076 (HSP70.2 AT5G02490); and SALK_075596 (HSP90.1

AT5G52640).

The erf115, ERF115OE, and ERF115SDRX lines were described in (Heyman

et al., 2013; Canher et al., 2021). The pho2 (Aung et al., 2006), phr1 phl1

(Bustos et al., 2010), axr1-12 (Lincoln et al., 1990), and tir1-1 (Ruegger

et al., 1998) mutants were used to analyze the effect of auxin signaling

or Pi starvation responses on high temperature responses.
Plant C
Growing conditions

Arabidopsis seedlings were germinated in half-strength Murashige and

Skoog (MS) medium (MS1/2) with vitamins plus 1% sucrose, 1% Difco

Agar, and 0.05% MES (pH 5.8) using the D-Root device to prevent root

illumination (Silva-Navas et al., 2015) or in the TGRooZ device

(Supplemental Figure 1) to generate a temperature gradient. The top of

the TGRooZ device was closed with an iron cover that has rectangular

holes to fit a 12 3 12-cm square in vitro plate or holes for a 30 3 40-cm

zip bag containing a germination paper. The plant growth chamber was

set to 22�C (standard) or 32�C (heat stress) for Arabidopsis and 26�C
and 36�C for tomato using the germination paper system (Supplemental

Figure 3). To generate the temperature gradient, the TGRooZ

refrigerated liquid was cooled to 13�C for Arabidopsis or 10.5�C for

tomato. Seedlings were germinated in MS1/2 for 4 days at 22�C and

then transferred to 22�C (22SR seedlings), 32�C (32SR seedlings), or

32�C with a temperature gradient (32TGRooZ) for 6 more days. To

analyze heat stress in tomato grown in soil, pots containing tomato

plants were placed in the adapted TGRooZ (Supplemental Figure 1),

and the growth chambers were set to 22�C or 36�C. For the 36TGRooZ

condition, to generate the gradient the refrigerant liquid in the base of

the modified TGRooZ (Supplemental Figure 1D) was cooled at 10�C.
Tomato seedlings were germinated in vermiculite at 22�C, and tomato

seedlings of similar size were transplanted to soil. They were grown at

22�C for 2 more days and then moved to 22�C (22SR seedlings), 36ºC
(36SR seedlings), or 36�C with a temperature gradient (36TGRooZ

seedlings) for 3 more weeks at a relative humidity of 40%. Plants were

grown under a 16-h light/8-h dark photoperiod with a light fluency rate

of 130 mM m–1 sec–1.

Root morphological analyses

The 22SR, 32SR, and 32TRGooZ seedlings were grown as described

above. They were scanned at a high resolution with an Epson 600V scan-

ner, and root and hypocotyl length and cotyledon epinasty angle were

quantified using Fiji software. To quantify LRP, SKP2Bp:GUS seedlings

were stained for GUS activity as described by Silva-Navas (Silva-Navas

et al., 2015), and GUS-stained LRP were quantified using a Leica Z9

stereomicroscope.

Mitotic cell quantification and root meristem size

The 22SR, 32SR, and 32TRGooZ Arabidopsis seedlings were grown as

described above using in vitro plates. Root meristem size was quantified

from confocal images taken with a Leica Z8 microscope of the RAM

stained with propidium iodide as described by González-Garcı́a et al.

(2011). PI and GFP were detected with a band-pass 570–670-nm filter

and 500–545-nm filter, respectively, and observed under a confocal

microscope (Leica TCS-SP8). Size was calculated based on the number

of meristematic cortical cells and/or the distance from the QC to the last

meristematic cell. The end of the meristem zone was taken as the point

where a meristematic cortical cell doubled in size from the previous

one. Mitotic cell numbers were quantified using the CYCB1;1:CYCB1;1-

GFP marker line (Ubeda-Tomas et al., 2009). The number of fluorescent

cells was quantified through all stacks.

Root length, number of LRs, hypocotyl length, leaf epinasty angle, and

root meristem size in Arabidopsis were assessed in at least three indepen-

dent experiments. Roots were scanned and root lengthmeasuredwith Im-

ageJ software (http://rsb.info.nih.gov/ij/). For comparisons, significance

was analyzed by ANOVA and Tukey’s honestly significant difference

post-test using a p value <0.05 in all cases.

Transcriptomic analyses

To carry out the transcriptomic analyses, total RNA was extracted from

roots and shoots of Arabidopsis seedlings that were germinated for

4 days at 22�C and then transferred for 7 more days to 22�C (22SR),

32�C (32SR), or 32�C with a temperature gradient in the root zone

(32TGRooZ) (32�C at the top of the plate and 18�C at the bottom). In the
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case of 22�C, we had only two replicates because the third degraded dur-

ing processing. Library construction and RNA sequencing were per-

formed by Beijing Genomics Institute (BGI-Shenzhen), and 30 M reads

were obtained (100 PE; average quality 96%). Approximately 20 mg total

RNAwas subjected to poly-A+RNA isolation by oligo-dT chromatography,

followed by RNA fragmentation. Fragmented RNA was converted to dou-

ble-stranded cDNA using random hexamer primers followed by end

repair, 30 end adenylation, and adapter ligation. cDNA fragments were

selected by agarose gel extraction and enriched by PCR amplification.

The library was loaded onto an Illumina HiSeq 2000 instrument for

paired-end sequencing (average raw read length, 100 bp).

Before assembly, FastQC (Andrews, 2010) (v0.11.9) was used to obtain

information about the quality of the sequencing data. This information

was used for the initial filtering of sequences by Trimmomatic (v0.36)

(Bolger et al., 2014). For each sample, RNA sequencing (RNA-seq) raw

reads (paired-end, 100 bp) were trimmed to remove potential Illumina

adaptor contamination, followed by read trimming and clipping of low-

quality bases. The remaining reads were aligned to the A. thaliana

TAIR10 reference genome using the Araport11 annotation (Cheng et al.,

2017) with the STAR aligner (v2.5.3a) (Dobin et al., 2013) and the

following command-line parameters: –outFilterMultimapNmax 20 –alignS-

JoverhangMin 8 –alignSJDBoverhangMin 8 –outFilterMismatchNmax 8

–alignIntronMin 35 –alignMatesGapMax 100 000 –alignIntronMax

20 000. Based on the RNA-seq mapped reads and the Araport11 annota-

tion, HTSeq (v1.99.2) (Anders and Huber, 2010) with the intersection

‘union’ option was used to generate the read counts per gene.

Normalization and statistical analyses of differential gene expression

were performed with the DESeq2 Bioconductor package in R (Anders

and Huber, 2010; Love et al., 2014). A multiple-testing-corrected p value

(q value) (Benjamini and Hochberg, 1995) of 0.05 was used. Differentially

expressed genes were defined as those genes with a corrected p value

of <0.05 and a log2(fold-change) >0.8 or <–0.8.

Gene ontology and statistical analyses

Gene ontology analyses were performed using the Metascape tool

(https://metascape.org/gp/index.html#/main/step1) with the following

parameters: minimum overlapping of 3, p value cutoff of 0.05, and mini-

mum enrichment of 1.5. The overall data were statistically analyzed using

GraphPad5 software. Comparisons between two groups were made with

Student’s t-test, and multigroup comparisons were made using one-way

ANOVA followed by Tukey’s test. A p value of less than 0.05 was consid-

ered statistically significant, and significant differences are indicated by

different letters.

Free Pi quantification

Arabidopsis plants were germinated in MS1/2 medium for 4 days at 22�C
and then transferred to 22�C (22SR), 32�C (32SR), or 32�C with a temper-

ature gradient in the root zone (32TGRooZ) for 6 moredays. Roots and

shoots were collected separately, and inorganic Pi was quantified as

described previously (Ames, 1966). Free Pi was expressedper plant or

per mg. For every plate analyzed, the total amount of Pi (nmoles) was

divided by the number of plants in the plate or divided by the total fresh

weight (n = 6 plates).

For the phr1 phl1 and pho2mutants, free Pi (nmoles of Pi) and fresh weight

(mg) wereexpressed per plant. Afterwards, shoot and root freshweights or

Pi levels of seedlings grown at different temperatures were standardized

with respect to those of plants grown at 22�C.
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