
This is a repository copy of Convergent evidence for temperature-dependent emergence 
of silicification in terrestrial plants.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/216936/

Version: Preprint

Preprint:
Liang, Y. orcid.org/0000-0002-0501-2823, Pang, Z. orcid.org/0000-0002-2406-8240, 
Tombeur, F. et al. (13 more authors) (Submitted: 2024) Convergent evidence for 
temperature-dependent emergence of silicification in terrestrial plants. [Preprint - Research
Square] (Submitted) 

https://doi.org/10.21203/rs.3.rs-4176681/v1

© 2024 The Author(s). This preprint is made available under a Creative Commons 
Attribution 4.0 International License. (https://creativecommons.org/licenses/by/4.0/)

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Reuse 
This article is distributed under the terms of the Creative Commons Attribution (CC BY) licence. This licence 
allows you to distribute, remix, tweak, and build upon the work, even commercially, as long as you credit the 
authors for the original work. More information and the full terms of the licence here: 
https://creativecommons.org/licenses/ 

Takedown 
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 



Page 1/21

Convergent evidence for temperature-dependent
emergence of silici�cation in terrestrial plants
Yongchao Liang  

 
Zhejiang University https://orcid.org/0000-0002-0501-2823

Zhihao Pang 
Zhejiang University https://orcid.org/0000-0002-2406-8240

Félix Tombeur 
Centre national de la recherche scienti�que

Susan Hartley 
University of York

Constantin Zohner 
ETH https://orcid.org/0000-0002-8302-4854

Miroslav Nikolic 
University of Belgrade

Cyrille Violle 
CNRS https://orcid.org/0000-0002-2471-9226

Lidong Mo 
Institute of Integrative Biology, ETH Zurich (Swiss Federal Institute of Technology), Universitätsstrasse

16 https://orcid.org/0000-0003-3805-7638
Thomas Crowther 

Swiss Federal Institute of Technology in Zurich https://orcid.org/0000-0001-5674-8913
Dong-Xing Guan 

Zhejiang University
Zhongkui Luo 

Zhejiang University https://orcid.org/0000-0002-6744-6491
Yong-Guan Zhu 

State Key Lab of Urban and Regional Ecology, Research Center for Eco-Environmental Sciences, Chinese
Academy of Sciences https://orcid.org/0000-0003-3861-8482
Yuxiao Wang 

Zhejiang University
Ping Zhang 

Zhejiang University
Hongyun Peng 

https://doi.org/10.21203/rs.3.rs-4176681/v1
https://orcid.org/0000-0002-0501-2823
https://orcid.org/0000-0002-2406-8240
https://orcid.org/0000-0002-8302-4854
https://orcid.org/0000-0002-2471-9226
https://orcid.org/0000-0003-3805-7638
https://orcid.org/0000-0001-5674-8913
https://orcid.org/0000-0002-6744-6491
https://orcid.org/0000-0003-3861-8482


Page 2/21

Zhejiang University
Nina Nikolic 

University of Belgrade https://orcid.org/0000-0002-4214-3291

Article

Keywords:

Posted Date: April 22nd, 2024

DOI: https://doi.org/10.21203/rs.3.rs-4176681/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Additional Declarations: There is NO Competing Interest.

https://orcid.org/0000-0002-4214-3291
https://doi.org/10.21203/rs.3.rs-4176681/v1
https://creativecommons.org/licenses/by/4.0/


Page 3/21

Abstract
While research on terrestrial silicon (Si) biogeochemistry and its bene�cial effects for plants has received
signi�cant attention in last decades, the reasons for the emergence of high-Si taxa remain unclear.
Although the “arms race” hypothesis (i.e. increased silici�cation through co-evolution with mammalian
grazers) has received some support, other studies have pointed to the role of environmental factors, such
as high temperatures and low atmospheric CO2 levels, which could have favored the emergence of
silici�cation. Here, we combine experimentation and analysis of existing databases to test the role of
temperature on the expression and emergence of silici�cation in terrestrial plants. We �rst show through
experimental manipulations of rice that Si is bene�cial for growth under high temperature stress, but
harmful under low temperature. We then found that, globally, the average temperature of the distribution
of high-Si plants was 1.2°C higher than that of low-Si plants. Moreover, within China, a notable positive
correlation emerged between the concentrations of phytoliths in wheat and rice and air temperature. From
an evolutionary perspective, 65–77% of high-Si families (> 10 mg Si g− 1 DW) originated during warm
geological periods, while 57–75% of low-Si families (< 1 mg Si g− 1 DW) originated during cold geological
periods. On average, Earth's temperatures during the emergence of high-Si families were 3°C higher than
those during the emergence of low-Si families. A correlation was also observed between the divergence of
proteins related to Si transport (Lsi1, Lsi2, Lsi3, and Lsi6) and historical climatic variability. Together,
cumulative evidence suggests that plant Si variation is closely related to global and long-term climate
change, with potential repercussions for global Si and C biogeochemical cycles.

Main
More than half of present-day terrestrial net primary productivity is produced by plants that actively
accumulate silicon (Si)1. Plant silici�cation – that is, the deposits of hydrated amorphous silica between
and within cells – has received increasing attention over the last two decades, with a particular focus on
its role in plant defense against herbivores2,3 and in alleviating various environmental stresses4,5.
Although the role and functions of Si in plant biology have been extensively studied6,7, the reasons for the
up to hundred-fold variation in plant Si concentrations8,9 and for the emergence of high-Si species over
the course of evolution remain unclear10–12. Understanding this phenomenon is key since evolutionary
phases of plant silici�cation might have impacted Si cycling and its coupling with the C cycle on different
time and spatial scales13.

The discovery of genes coding the expression of proteins facilitating Si uptake from soils and
redistribution in plants provided some explanation for the variation in leaf Si concentrations14–16.
Research has shown that the accumulation of Si is closely related to the expression levels, localization,
and polarity of these transport proteins in different plant species17. These discoveries provided a
molecular basis for our understanding of Si accumulation, but did not tell us why and when silici�cation
emerged in plants. Many different hypotheses have been put forward (e.g., increased silici�cation through
co-evolution with mammalian grazers, the substitution of C by Si during periods of low atmospheric CO2
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levels, adapting to stressful habitats with seasonal aridity, low nutrient availability, or strong wind
exposure)11,12, but linking the emergence of high-Si taxa with one single environmental factor is not well
supported by chronology11.

One environmental factor that could have in�uenced the emergence of high-Si taxa is temperature18. The
deposition of Si in the cell walls of leaf epidermis not only enhances the thermal stability of cell
membranes and cell walls, but also cools the leaves through e�cient mid-infrared heat emission19,20. As
such, Si could play a key role in helping plants resisting high temperature stress21, and therefore could
have been selected during warm geological periods. Furthermore, lab experiments show that Si is highly
plastic in response to increased temperature18,22,23, although this could also be attributed to increased
transpiration accelerating passive Si absorption24,25. Although interactions between temperature and Si
have been suggested, we know very little about the role of long-term temperature shifts in the emergence
of high-Si taxa. Yet, understanding whether the differentiation of high- and low-Si species and historical
climate change are linked is essential to better understand plant Si variation, and the role of vegetation on
global biogeochemical cycles.

To investigate relationships between long-term temperature changes and plant silici�cation, we
integrated evidence from experiments and existing databases (see Fig. S1 for details about the
databases). We �rst designed an experiment that investigated the effect of Si on rice – a model Si-
accumulating species – experiencing high and low temperature stress. We then analyzed the present-day
variation in Si concentrations in the plant kingdom to see whether this was related to current Earth’s
temperatures. We also used wheat and rice samples collected along climatic gradients to test whether Si
intraspeci�c variation was linked to air temperature. Finally, we constructed evolutionary trees of plant Si
transporter proteins and analyzed the relationship between periods of high- and low-Si species
differentiation and corresponding Earth history temperatures.

Results
We �rst conducted an experiment testing the effect of Si on heat, cold and freeze-thaw cycling stress in
an emblematic Si-accumulating species, namely rice (see Materials and Methods for details). After
planting rice in a nutrient solution containing 1mM silicic acid for 15 days, no differences in shoot length,
root length, and chlorophyll concentrations between the -Si and + Si groups were observed (Table S1).
However, when rice plants were placed under three types of stress (heat, cold, and freeze thawing) for
three days, a pronounced effect of Si fertilization was observed (Fig. 1a). Under heat stress, Si-fertilized
rice had signi�cantly higher shoot length, root length, and fresh weight than the -Si group (Fig. 1b-d). In
contrast, root length and shoot fresh weight of the + Si group were lower than those of the -Si group under
cold stress (Fig. 1). Under freeze thawing, the + Si group even showed signi�cant wilting (Fig. 1).

Following this experiment, we used a recently published database with leaf Si concentrations in about
1800 species12 that we combined with information on species distribution obtained from the GBIF
(Global Biodiversity Information Facility) to check whether high-Si and low-Si plant orders were
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associated with locations with different climatic conditions (see Fig. S2 and Table S2 for details).
Speci�cally, we selected 10 orders with high-Si concentrations (mean more than 2 mg g− 1) and 10 orders
with low-Si concentrations (mean less than 1 mg g− 1). The high-Si orders were Poales, Saxifragales,
Schisandraceae, Arecales, Boraginaceae, Fagales, Rosales, Nymphaeaceae, Asterales, Alismatales. The
low-Si orders were Acorales, Brassicales, Liliales, Asparagales, Aquifoliales, Santalales, Pandanales,
Celastraceae, Cornales, Bromeliaceae. We randomly selected the distribution information of 1000
occurences from each order (using rgbif package in R, see Table S2 for species information), and drew
distribution maps of high-Si and low-Si plants. The data in Fig. 2a suggest that high-Si plants occur to a
greater extent in areas of lower latitude while low-Si plants are more noticeably present in higher latitude
regions. This is con�rmed by the analysis in Fig. 2b: the average temperature of the distribution of high-Si
plants was 1.2°C higher than that of low-Si plants. In addition, the distribution of the data indicated that
high-Si plants were mainly concentrated in environments with a mean annual temperature near 17°C,
while low-Si plants were predominantly concentrated in environments with a mean annual temperature
near 11°C (Fig. 2b).

In addition to this global analysis, we conducted �eld sampling of two typical high-Si species, wheat and
rice, in the main grain producing areas of China (Fig. 3). We found a signi�cant positive correlation
between both wheat and rice phytolith concentrations and air temperature, especially for wheat (Fig. 3).
Samples from two regions were analyzed separately because of important differences in climate and soil
types, but the results still showed that the phytolith concentrations were positively correlated with
temperature (Fig. S3). Overall, this evidence suggests that present-day temperature in�uences both the
distribution of high- and low-Si species worldwide, and also affects intraspeci�c variation in leaf Si
concentrations.

We then constructed evolutionary trees of Si transporter proteins (encoded by the genes Lsi1, Lsi2, Lsi3,
Lsi6)16. We searched for the homologous sequences of these proteins using NCBI BLASTp (Basic Local
Alignment Search Tools for proteins)26, and then downloaded the protein sequences of the top 15–20
species with the highest homology for evolutionary tree construction. Results showed that the Si
transporter proteins of high-Si species evolved mainly during warm periods (Fig. 4a). However, the
evolutionary trees include only a few species, and we still need evidence from more taxa.

Using data from Angiosperm Phylogeny Website, we investigated the occurrence of plant families with
contrasted Si concentrations during warm and cold periods. We found that 77% of high-Si families (> 10
mg g− 1) emerged during warm periods, while 75% of low-Si families (< 1 mg g− 1) emerged during cold
periods (Fig. 4b). The historical temperature of the Earth during the emergence of high-Si families was
3°C higher than that of low-Si families (p < 0.001) (Fig. 4c, see Table S3 for speci�c information on the
plant families). In order to correct for species differentiation time, we selected another set of data from Li
et al. (2019) for analysis. Unlike the evolutionary information collected from different literature sources
on Angiosperm Phylogeny Website, Li et al. (2019) data was from their plastid phylogenomic tree based
on 80 genes from 2881 plastid genomes and 62 fossil calibrations. A similar result was obtained, where
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high-Si families were more likely to appear during high temperature periods (65%), while low-Si families
mainly appeared during cold periods (57%) (Fig. S4 and S5).

In addition, we analyzed the divergence times of different subfamilies in the �ve major families of
angiosperms (Asteraceae, Orchidaceae, Fabaceae, Rubiaceae, and Poaceae). In Asteraceae, species with
high Si concentrations (> 10 mg g− 1) are found in the Asteroideae subfamily, which emerged during the
Middle Eocene Thermal Maximum28,29, while low Si concentrations (< 2 mg g− 1) are typical of the
Carduoideae and Cichorioideae subfamilies, which emerged in cooler periods30,31. In Orchidaceae, Si-rich
species are found in the Apostasioideae and Cypripedoidoidae subfamilies, which thrived during a warm
climate, whereas Si is notably absent in the Vanilloideae, Orchidoideae, and Epidendrioideae subfamilies
that emerged during a cooler phase32,33. Fabaceae exhibits low Si concentrations (< 1 mg g− 1) in
subfamilies like Caesalpinioideae and Cercidoideae that appeared during cold periods, while high-Si
species are mainly in the Papilionoideae, particularly the Phaseoleae subclade that emerged during a
warm period34,35. In Rubiaceae, high-Si species are found in the Rubioideae, which emerged in a warm
era, while low-Si species appear in the Ixoroideae and Cinchonoideae, which emerged during a colder
period36. Among Poaceae, low-Si species distributed among �ve subfamilies (Poodinae, Panicoideae,
Poeae, Chloridoideae, and Paspaleae) all emerged during cold periods, except Chloridoideae. By contrast,
high-Si species mainly belong to the Arundinarieae, Panicoideae, Cynodonteae, Andropogoneae, and
Molinieae, of which all but the Cynodonteae emerged during warm periods. Detailed information on the
emergence and mean leaf Si concentrations of these subfamilies is provided in Table S4. Overall, our
analysis of the subfamilies from �ve different major families of angiosperms showed that the leaf Si
concentrations in subfamilies seemed to closely relate to the Earth’s temperature during their appearance
period. This suggests that silici�cation might have been favored during warm and interglacial periods
and/or avoided during glacial periods.

Discussion
Our research suggests that temperature and its long-term evolution on geological timescales play a
signi�cant role in plant Si accumulation. We �rst highlighted the bene�cial effects of Si at high
temperatures, and its harmful effects at low temperatures in an emblematic Si-accumulating species (i.e.,
rice). We then found that the average temperature of present-day high-Si species distribution is higher
than that of low-Si, and that the intraspeci�c Si variation is positively correlated with temperature for two
major crop species. Following that, we traced back through history and found that both the evolution of
Si transporters and the differentiation of high-Si species were related to the warm periods of the Earth. In
line with recent studies focused on grasses18,37, our study suggests that climate is a key driver of present-
day and possibly historical plant silici�cation, possibly more important than the presence of herbivores
and grazing11. Plant Si uptake and accumulation are affected by a range of factors, including soil Si
levels, water availability, altitude, soil fertility, CO2 levels, grazing pressure or intraspeci�c genotypic

differences12,38–41, but it is clear from our �ndings that temperature plays a very signi�cant role, both in
current and historical time.



Page 7/21

Silicon can help plants tolerate high temperature stress42–44. Numerous processes have been suggested
to explain this bene�cial effect19,21. The presence of silici�ed structures in leaf epidermis signi�cantly
could reduce heat load and prevent ultraviolet radiation through effective emission of thermal
energy6,20,45. In addition, Si in rice leaves can prevent electrolyte leakage and maintain leaf water content
by providing mechanical support to cell wall44. Silicon could also restore ultrastructural distortions of
cellular organelles provoked by heat stress, particularly chloroplasts and the nucleus46. Moreover, the
enhancement of plant antioxidant defense system in Si-treated plants has been reported to resist
oxidative damage caused by high temperature47,48. Although our understanding of the role of Si in
regulating heat stress remains incomplete, these mechanisms suggest that high temperatures might have
favored the emergence of silici�cation.

Silicon can help plants resist high-temperature stress, but it could have an opposite effect on cold and
freezing stress. Preserving cell integrity is critical for plants under freezing stress49, but the thermal
expansion of silica deposited on the cell wall is much lower than that of cellulose and lignin, which may
damage the cell structure due to deformation differences caused by temperature effects50,51. In addition,
intracellular ice formation poses a greater threat to plants than extracellular ice formation, and plants use
a mechanism called "deep undercooling" to prevent it, enabling them to tolerate extremely low
temperatures52. However, silica deposits in cell walls inhibit cellular water loss53, which will interfere with
"deep supercooling" and increase the risk of intracellular ice formation. In addition, ice formation in plants
is a dynamic process. When the temperature is negative, water remains in a metastable liquid state until it
turns into ice around an ice-nucleating substance, and then propagates longitudinally and radially54.
Silicon has also been proven to act as an ice-nucleating substance to accelerate freezing55, which may be
one of the reasons why ice propagation is found to be more rapid in Poaceae (high-Si) than in
Gymnosperms and Dicotyledons (low-Si)56,57.

Perhaps due to the bene�cial effects of Si in high-temperature environments and its adverse effects in
cold environments, we found that the average temperature in the distribution area of high-Si species is
higher than that of low-Si species. We also found that, regionally, wheat and rice Si concentrations
increased with increasing temperatures. These observations echo results on grasses from Brightly et
al.18, who showed that high temperature treatments increased leaf Si concentrations, especially in taxa
adapted to warm regions.

We also considered the relationship between the evolution of plant silici�cation and palaeoclimatic
changes throughout history. First, we should note that plant leaf Si concentrations are closely linked to
the Si uptake mechanisms16. The evolution of NIP-IIIs, serving as primary Si in�ux transporters, traces
back to approximately 515 million years ago (Ma), during the Middle-late Cambrian period, characterized
by a hot climate58. The evolutionary trees we constructed for the currently reported Si transporter proteins
(Lsi1, 2, 3, and 6) collectively show that Si transporter proteins in high-Si taxa evolved mainly during
warm climatic periods. Furthermore, we can draw similar conclusions from the perspective of species
differentiation. Among the lower plant algae, the marine planktonic algae (Archaeplastida), which are low
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in Si, emerged between 659 and 645 Ma ago, during the "Snowball Earth" period59. However, diatoms,
which are extremely rich in Si, originated at 200 Ma ago during the Triassic Hothouse60. In addition, both
mosses and ferns exhibit high leaf Si concentrations (Fig. S2), and they also both occur during
Cambrian–Ordovician Hothouse61. A transition from fern-dominated ecosystems (high Si) to
gymnosperms-dominated landscapes (low Si) coincided with the Earth's shift from the Late Devonian
Hothouse to the Late Paleozoic Icehouse62. Subsequently, Angiosperms rapidly diversi�ed, dominating
terrestrial ecosystems since the Lower Cretaceous period63. The emergence of early Angiosperm taxa,
including Amborellales, Nymphaeales (low-Si), and Austrobaileyales (high-Si), has also been linked to
climate, with Nymphaeales appearing in cooler intervals and Austrobaileyales during warmer times.
Further, our analysis, based on two phylogenetic databases of angiosperms, supports the trend of high-Si
species evolving in warm periods and low-Si species in cold periods (Fig. 4b, S4). Taken together, these
results suggest that plant silici�cation is likely to be in�uenced by palaeoclimatic changes.

From a long-term evolutionary perspective, the bene�cial effects of Si at high temperatures might have
favored the emergence of high-Si taxa. Conversely, under cold conditions, the potential unfavorable
effects of Si may have prevented the evolution of high-Si taxa. Some plants no longer use Si, possibly
due to either the loss of capacity to take up Si (e.g., Si transporters) during evolution64 or the development
of mechanisms to excrete Si65. Alternatively, such loss may be related to the adjustment of certain cell
wall polymers and proteins that affect Si deposition66–68.

The Si cycle is crucial for regulating the Earth's carbon cycle69. Silicate weathering �xes CO2 from the
atmosphere; a process that is increasingly implemented in agroecosystems to provide bene�ts for both
carbon sequestration and crop yields70–72. Plants enhance silicate weathering through various
mechanisms73, especially if Si demand increases, and our �ndings on the link between plant silici�cation
and changes in the Earth's climate provide new clues regarding the interactions between Si and C cycling
over geological timescales13.

Materials and Methods

Effect of Si on rice's response to high and low temperature
stress
We selected rice (Oryza sativa L. cv. Nipponbare), a typical high-Si species, for the experiment testing the
effect of Si on high and low temperature stress. Seeds were surface-sterilized with 10% H2O2 (v/v) for 10
min then rinsed with deionized water �ve times. They were placed on moist �lter paper and germinated at
30°C in the dark for three days. Seeds were then transferred to black plastic pots containing 1.2 L of
deionized water for �ve days. Next, seedlings were grown in 1/4-strength Kimura B solution (adjusted to
pH 5.6), renewed every �ve days in a growth chamber (at 30°C, 55% relative humidity, and using a 14/10
h light/dark period). Uniformly-sized 20-day-old rice seedlings were then selected for the experiment.
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Rice seedlings were divided into two groups: the + Si group, for which 1mM of silicic acid (produced by
passing sodium silicic acid solution through a column packed with ion exchange resin) was added to the
nutrient solution, and the -Si group, which didn’t receive silicic acid. Apart from Si inputs, growth
conditions were similar. The nutrient solution was renewed every �ve days. After 15 days, there was no
difference in plant height or root length between the two groups (Table S1). We then changed the nutrient
solution for both the + Si and -Si groups, and placed them under high temperature (40°C), low temperature
(0°C), or freeze thawing (-2-2°C) stress. Three days later, we took photos for rice and measured the shoot
height (the height of the highest shoot), root length (the length of the longest root), shoot fresh weight,
root fresh weight, and chlorophyll concentration (using SPAD-502 chlorophyll meter) (�ve replicates per
treatment). Data were expressed as mean ± standard error. Then, we use t-test method to evaluate
whether there is a signi�cant difference between groups for each stress treatment. Signi�cant differences
are indicated as follows: * p < 0.05, * * p < 0.01, *** p < 0.001.

Distribution temperature of high- and low-Si plants
We obtained information on leaf Si concentrations in different species, families and orders from de
Tombeur et al.12 – the largest database on leaf Si concentrations ever published. Taxonomic information
was corrected using the NCBI database (www.ncbi.nlm.nih.gov). For each plant family within the
pteridophytes, gymnosperms and angiosperms, we calculated the mean and standard errors of leaf Si
concentrations. All analyses were performed in R 4.3.174.

From de Tombeur's database, we selected 10 orders with high (> 2 mg g− 1) and low (< 1 mg g− 1) mean
leaf Si concentrations12. The high-Si orders include: Poales, Saxifragales, Schisandraceae, Arecales,
Boraginaceae, Fagales, Rosales, Nymphaeaceae, Asterales, Alismatales. Low-Si orders include: Acorales,
Brassicales, Liliales, Asparagales, Aquifoliales, Santalales, Pandanales, Celastraceae, Cornales,
Bromeliaceae. We extracted the location of 1000 occurrences randomly selected within each order from
the Global Biodiversity Information Facility, using the rgbif package in R
(https://www.gbif.org/developer/occurrence#search, see Table S2 for details). After data cleaning, the
�nal 19932 location will be used for subsequent analyses. We obtained mean annual temperatures
(MAT) from CHELSA (High Resolution Climate Data for Earth's Land Surface Areas) to study the
temperature distribution of high- and low-Si plants75. Finally, we mapped the world using R 4.3.174.

Effect of temperature on phytolith concentrations of wheat
and rice
To also consider the intraspeci�c variation in leaf Si concentrations, a sampling campaign was
conducted in China on two typical high-Si crops (wheat and rice). We collected 475 wheat individuals
from 95 sampling sites and 279 rice individuals from 93 sampling sites (Fig. 4). The distribution of the
sampling sites is 87.513–121.680 °E and 19.487–43.991 °N, which corresponds to the main harvesting
regions of wheat and rice in China. Shoots were dried (105°C for 30 min, and then 75°C for 48 h) and
ground through a 100-mesh (0.15 mm) sieve. Shoot phytoliths were extracted with HNO3, HCl, and H2O2

http://datav.aliyun.com/portal/school/atlas/area_selector
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by the microwave digestion method, following the potassium dichromate method to remove additional
carbon residues76. Extracted phytoliths were washed with deionized water and dried in an oven at 75°C
for 48 hours, and weighed. We analyzed the correlation between shoot phytolith concentrations and MAT
(obtained from CHELSA). The linear regressions between the phytolith concentration in rice and wheat
and the temperature at the sampling points were completed using Origin 202177. The mapping of China
was also done using R 4.3.1.

Differentiation of Si transporter proteins and historic
climate change
To study the evolution of Si transporters in higher plants, we selected four proteins involved in Si
absorption and transport in plants (Lsi1, Lsi2, Lsi3, Lsi6). Homologous sequences of Si uptake and
transport proteins in Oryza sativa Japonica Group were searched by BLASTp on NCBI26. The protein
sequences of the top 15–20 species with the highest homology were then downloaded (see Fig. 4a for
species details). Sequence alignment was performed using MEGA78 and the evolutionary tree was
constructed using the Reltime and the Neighbor-Joining methods.

We used the dataset of historic climate change over the last 200 Ma reported by Scotese27,79. Since large
polar icecaps can form when the global average temperature falls below 18°C, we referred to Scotese's
methodology and characterized periods when the average temperature exceeds 18°C as warm periods,
and periods below 18°C as cold periods. We then matched this historic climate dataset with the
evolutionary tree in order to analyze the relationship between gene differentiation and temperature.

Differentiation time of high-Si and low-Si families and
historic climate change
To test the link between the evolution of Si accumulation in plants and historic temperature �uctuations,
we obtained evolutionary time data for both high- (> 10 mg g− 1) and low-Si (< 1 mg g− 1) families from
Angiosperm Phylogeny Website (www.mobot.org/MOBOT/research/APweb/) (Table S3). We then
compared Earth's historical temperatures during the emergence of high- and low-Si families. Given that
the exact timing of species divergence may differ different databases, we conducted the same analysis
using another phylogenetic database from Li et al.63, and obtained similar results (Fig. S4).

Within the �ve families with the largest number of species among the angiosperms (Asteraceae,
Orchidaceae, Fabaceae, Rubiaceae, and Poaceae), there was a large variation in leaf Si concentrations
among the different subfamilies12. We �rst collected the divergence times of different subfamilies by
searching for keywords of the �ve major families in the Web of Science database
(www.webofscience.com/). We then analyzed the relationship between the mean leaf Si concentration of
different subfamilies, their divergence dates and historic climate27 (Table S4).

http://datav.aliyun.com/portal/school/atlas/area_selector
http://datav.aliyun.com/portal/school/atlas/area_selector
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Figure 1

The effect of silicon on rice growth under high temperature, low temperature, and freeze thawing stress. a,
Images of rice after three days of heat, cold or freeze stress. b, The length of rice shootsand roots. c, The
fresh weight of rice shoots and roots. d, The chlorophyll concentration (using a SPAD-502 chlorophyll
meter) of rice shoots and roots. The +Si group refers to the cultivation of rice in a nutrient solution
containing 1mM silicic acid for 15 days prior to stress. The data represent the mean and standard
deviation of �ve replicates. Signi�cant differences between the groups without and with Si are indicated
as follows: * p < 0.05, * * p< 0.01, *** p < 0.001.
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Figure 2

Relationship between temperature and the distribution of high- and low-Si plants a, Global distribution of
sampling sites for high-(n=9972 occurrences) and low-Si (n=9990 occurrences) species. Data was
obtained from GBIF. b, Temperature range of high- and low-Si plant distributions. The mean annual
temperatures (MAT) were obtained from CHELSA (chelsa-climate.org). Signi�cant differences between
high- and low-Si plants are indicated as follows: *** p< 0.001.
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Figure 3

Correlation analysis of wheat and rice phytolith concentrations with mean annual temperatures. a and b,
Distribution of wheat sampling sites and correlation of phytolith concentration with MAT (n=475
individuals). c and d, Distribution of rice sampling sites and correlation of phytoliths concentration with
MAT (n=279 individuals). The Chinese map data is sourced from DATAV.GeoAltas
(http://datav.aliyun.com/portal/school/atlas/area_selector).
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Figure 4

Differentiation times of Si transporter proteins and high-Si families. a, Evolutionary relationships between
Si transporter proteins (Lsi1, Lsi2, Lsi3, Lsi6). Homologous sequences of Si transporter proteins in Oryza
sativa Japonica Group were searched by BLASTp on NCBI. Protein sequences from the top 15-20 species
with the highest homology were selected for the analysis. Sequence alignment was performed using
MEGA and the evolutionary tree was constructed using the Reltime method and the Neighbor-Joining
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method. The evolutionary tree was computed using 2 calibration constraints. The upper left corner of the
graph shows the changes in Earth's average temperature from 150 Ma to the present. The red area
represents the warm period, and the blue area represents the cold period. The division is based on
Scotese (2021). The results show that Si uptake and transport proteins of high-Si species (red shades)
mainly diverged in warm periods (red arrows). b, Emergence of plant families with different leaf Si
concentrations during warm and cold periods. Evolutionary information was obtained from Angiosperm
Phylogeny Website (www.mobot.org/MOBOT/research/APweb/). Each point represents a family. Speci�c
information about the plant families can be found in Table S3. Families with leaf Si concentrations above
10 mg g-1 are marked orange (n = 17), and families with leaf Si concentrations below 1 mg g-1 are marked
gray (n = 28). Red areas indicate warm periods and blue areas indicate cold periods, and the division is
based on Scotese27. c, Earth's temperatures during the emerging time of high- and low-Si families. The
box plots show the medians and quartiles of the data. Signi�cant differences are indicated as follows:
*** p < 0.001.
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