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Significance

Toxic levels of arsenic in the soil 
can substantially reduce crop 
yields. Here, we reveal a 
mechanism to reduce plant 
arsenic accumulation and 
toxicity. Benzoxazinoids, a 
dominant class of specialized 
metabolites (also called 
secondary metabolites) produced 
by cereals such as wheat and 
maize, can reduce arsenic uptake 
and improve plant performance 
in the greenhouse and in 
the field. Furthermore, 
benzoxazinoid exudation into the 
soil enhances the performance of 
subsequent plant generations in 
soils with high levels of arsenic. 
This work expands the available 
genetically encoded resistance 
strategies to stabilize crop 
productivity in polluted 
agroecosystems.
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By releasing specialized metabolites, plants modify their environment. Whether and how 
specialized metabolites protect plants against toxic levels of trace elements is not well under-
stood. We evaluated whether benzoxazinoids, which are released into the soil by major 
cereals, can confer protection against arsenic toxicity. Benzoxazinoid-producing maize plants 
performed better in arsenic-contaminated soils than benzoxazinoid-deficient mutants in 
the greenhouse and the field. Adding benzoxazinoids to the soil restored the protective 
effect, and the effect persisted to the next crop generation via positive plant–soil feedback. 
Arsenate levels in the soil and total arsenic levels in the roots were lower in the presence of 
benzoxazinoids. Thus, the protective effect of benzoxazinoids is likely soil-mediated and 
includes changes in soil arsenic speciation and root accumulation. We conclude that exuded 
specialized metabolites can enhance protection against toxic trace elements via soil-mediated 
processes and may thereby stabilize crop productivity in polluted agroecosystems.

arsenic | secondary metabolites | arsenic tolerance | W22 wild-type | bx1 mutant

Arsenic is naturally found in soil and groundwater due to natural geogenic origins (1), but 
also due to contaminations, from anthropogenic activities such as agriculture, mining, or 
industrial production (2, 3). When crops are grown in arsenic-contaminated soil or irrigated 
by contaminated water, their growth and yield can be severely reduced, thus leading to 
major challenges for food production in affected areas (4). Arsenic can also accumulate in 
edible plant parts and thus pose a risk to human health (5, 6). Developing crops that grow 
well in contaminated soils and take up little arsenic is thus important (7). Arsenic is also 
directly harmful to plants. It shares chemical characteristics with phosphate and is, there­
fore, taken up by phosphate transporters (8–10). High arsenic concentrations in plant 
tissues can lead to the formation of reactive oxygen species with consequent damage to 
proteins, nucleic acids, and cell membrane lipids (11). These damages result in cell chlorosis 
and necrosis and thereby suppress plant growth (12–14). The two dominant inorganic 
arsenic species in soils are arsenate (AsV) and arsenite (AsIII). Arsenite represents only 1 to 
30% of inorganic arsenic in the soil, but it is more toxic than arsenate (15).

Plants have evolved several detoxification mechanisms that allow them to cope with 
arsenic. For example, maize plants can reduce arsenate to arsenite (14, 16) and can thus 
transport it out of the plant more efficiently. In addition, it has recently been proposed 
that plants can tolerate arsenic contamination in soil by enhancing the exudation of 
phytochelatins and coumarins (17). The root microbiome may also play a role in arsenic 
detoxification as almost all microbes are resistant to inorganic arsenic (18) and have the 
potential to transform it into other species or influence its mobility (19, 20) and bioavail­
ability (21). Thus, microbes may help plants to grow in arsenic-contaminated soils. Effects 
are likely dynamic, as root exudate metabolites may influence the species and activity of 
rhizosphere microbes, while rhizosphere microbial processes may also affect the speciation 
and assimilation of metal(loid)s into the plants (22). So far, we know little about the 
potential of exuded plant specialized metabolites in regulating arsenic toxicity, either 
directly or via changes in the root microbiome.

Benzoxazinoids are major specialized metabolites produced by cereals such as wheat 
and maize. They have been shown to be crucial in both insect herbivore and pathogen 
resistance (23, 24), and their production and accumulation are enhanced upon attack 
(25, 26). Furthermore, they can influence the performance of neighboring plants (27) 
and can alter the rhizosphere microbiome (28). Benzoxazinoids have also been studied 
for their metal-chelating properties. (29). DIMBOA (2,4-dihydroxy-7-methoxy-2H-1,4- 
benzoxazin-3(4H)-one) and DIMBOA-Glc (​​​​2-O​-β-​D-g​luc​opy​ran​osy​l-2​,4-​dih​ydr​oxy​-7-​ 
met​hox​y-2​H-1​,4-​ben​​zox​azi​n-3​(4H​)-one), which are secreted into the ​rhi​zos​phere, have ​
a high affinity for iron (30), can form stable iron​ co​mpl​exes (31), and enhance iron uptake 
(32​).​ Be​nzo​xazinoids can al​so ​bin​d aluminum, and high benzoxazinoid production has 
been associated with reduced aluminum toxicity (33). To what extent benzoxazinoids 
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reduce the toxicity of trace elements such as arsenic, and whether 
this potential function translates into plant performance benefits 
in the field, is unknown.

Here, we studied the role of benzoxazinoids in protecting plants 
against soil arsenic. We evaluated their role by using different 
benzoxazinoid-deficient mutants and soil complementation with 
purified benzoxazinoids. We then investigated different potential 
mechanisms by which benzoxazinoids confer arsenic resistance, 
including changes in arsenic uptake, changes in rhizosphere microbial 
communities, and changes in rhizosphere arsenic speciation. Finally, 
we assessed whether benzoxazinoid-derived arsenic resistance is agri­
culturally relevant in the field, and whether it persists in the soil and 
thereby improves the performance of future plant generations via 
plant–soil feedbacks. By combining these results, we demonstrate 
that benzoxazinoids reduce arsenic accumulation in the roots and 
increase arsenic resistance of maize in the greenhouse and the field.

Results

Benzoxazinoid-Producing Plants Are Less Affected by Soil 
Arsenic than Benzoxazinoid-Deficient Mutants. To test whether 
benzoxazinoids reduce arsenic toxicity, we grew wild-type and 

benzoxazinoid-deficient bx1 mutant maize plants in control 
soils and soil with added arsenic (100 mg kg−1) and measured 
their performance. The two genotypes grew equally well in the 
control soil (Fig. 1 A and C), thus confirming that benzoxazinoid 
deficiency per se does not hamper plant performance under 
favorable environmental conditions (32, 34).

In soil with arsenic addition, both genotypes grew smaller (P < 
0.001) and had less shoot biomass (dry weight, P = 0.002). The 
negative effect was significantly more pronounced in the bx1 mutant 
than in wild-type plants (plant height: P < 0.001; shoot biomass:  
P = 0.002). Shoot chlorophyll content varied with time but was 
independent of genotype or arsenic addition (Fig. 1B). Shoot bio­
mass (dry weight) at the end of the experiment was negatively affected 
by arsenic addition, with the effect being more pronounced in the 
bx1 mutant (P = 0.002; Fig. 1C). No differences in shoot biomass 
were found between the two genotypes in the control soil. Enhanced 
performance of wild-type plants relative to bx1 mutants upon arsenic 
addition was also observed in two other soils with different charac­
teristics (SI Appendix, Tables S1 and S2 and Fig. S1 A and B), 
suggesting that this phenotype is conserved across soil types.

To corroborate the benzoxazinoid dependency of the 
above-described findings, we repeated the experiment with an 

Fig. 1.   Benzoxazinoid-producing maize plants are less affected by soil arsenic than benzoxazinoid-deficient mutants. (A) Plant height and (B) chlorophyll content 
of wild-type (W22) and benzoxazinoid-deficient bx1 mutant plants growing in soil without (0 mg kg−1) or with arsenic addition (100 mg kg−1) for 7 wk. (C) Shoot dry 
biomass sampled at the end of the experiment. Asterisks indicate significant differences between genotypes (Tukey’s pairwise comparisons, or Tukey’s post hoc 
tests). Levels of significance: n.s. nonsignificant, . = marginally significant, *P < 0.05, **P < 0.01, ***P < 0.001. See Dataset S1 for detailed results of Tukey HSD tests.D
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additional benzoxazinoid-deficient line in the same genetic back­
ground. We used the bx2 mutant with a mutation of the Bx2 gene 
encoding for the second enzyme of the BXs biosynthesis that 
converts indole to indolin-2-one (32). Similar to the first experi­
ments, we did not observe differences in plant height or shoot 
biomass in the control soil (SI Appendix, Fig. S2 A and B). In soil 
with additional arsenic (100 mg kg−1), the suppression of growth 
(P = 0.02) and shoot biomass (P = 0.07) was more pronounced 
in both bx1 and bx2 mutants than in wild-type plants. Thus, the 
capacity to produce benzoxazinoids reduces the negative effects 
of soil arsenic on plant performance.

Soil Complementation with Benzoxazinoids Reduces Arsenic 
Toxicity. To test whether benzoxazinoids that are released into the 
soil are sufficient to reduce arsenic toxicity, we complemented soils 
with arsenic addition with a purified mixture of benzoxazinoids, 
with DIMBOA-Glc as the dominant compound (SI Appendix, 
Table  S3), and measured plant performance of wild-type and 
benzoxazinoid-deficient mutant plants. Again, wild-type plants 
grew heavier than bx1 mutant plants in the soil high in arsenic 
(P = 0.0005). Complementation of the soil with benzoxazinoids 
enhanced the growth of the bx1 mutant in this soil and partially 
rescued the wild-type phenotype (Fig. 2A). The same pattern was 
observed for biomass accumulation (Fig. 2B). Thus, benzoxazinoids 
in the soil can reduce arsenic toxicity for maize plants.

Benzoxazinoids and Arsenic Interact to Induce Subtle Changes 
in Rhizosphere Microbiota. Benzoxazinoids change the microbial 
composition of the rhizosphere (28, 35), which may change arsenic 
availability for plants. To investigate whether benzoxazinoids 
modulate the responses of the soil microbiota to arsenic, we screened 
microbiota of wild-type and bx1 mutant plants in control soils and 
soils with added arsenic for genotype*environment interactions. 
The rhizosphere microbiota was determined based on the 16S 
rRNA gene of bacteria and first internal transcribed spacer (ITS) 
region for fungi using short-read sequencing. Bacterial and fungal 
profiles contained between 37,055 and 77,593 (median: 49,508) 
and 2,172 and 5,112 (median: 3,151) high-quality sequences per 
sample, respectively. Rarefaction analysis confirmed that the applied 
sequencing depths captured the microbial diversity present in these 
samples (SI Appendix, Fig. S3). Bacterial communities were mainly 
composed of Verrucomicrobia, Firmicutes, Alphaproteobacteria, 
and Actinobacteria, all in similar abundances. Acidobacteria, Gam­
maproteobacteria, Planctomycetes, Deltaproteobacteria, Chloroflexi,  
Thaumarchaeota, Gemmatimonadetes, Rokubacteria, and others 
were also detected, but at lower abundance.

Fungal communities mainly consisted of Ascomycota, Mortierel­
lomycota, Olpidiomycota, and Basidiomycota (SI Appendix, Fig. S4). 
At the coarse phylum level taxonomy, we did not find statistical 
support for abundance differences between benzoxazinoid exudation, 
arsenic levels, or their interaction (SI Appendix, Table S4).

We then investigated at the higher resolution individual ampli­
con sequence variants (ASVs) and whether the maize rhizosphere 
microbiota was affected by benzoxazinoids and/or the arsenic 
addition. Shannon diversity was unaffected by benzoxazinoid 
exudation, arsenic contamination, or their interaction (SI Appendix, 
Table S5). However, microbiome composition changed slightly 
yet significantly due to benzoxazinoid exudation (bacteria: P = 
0.034, fungi: P = 0.049) and arsenic addition (bacteria: P = 0.015, 
fungi: P = 0.002) (Fig. 3). PERMANOVA quantified effect sizes 
of 3.3% (both bacteria and fungi) for benzoxazinoid exudation 
and for arsenic contamination effect sizes of 3.6% and 5.3% for 
bacteria and fungi, respectively. Interestingly, a small (4%) but 
significant effect was found for the interaction between 

benzoxazinoid exudation and arsenic contamination (P = 0.005) 
(Fig. 3). CAP (Constrained Analysis of Principal) analyses visual­
ized this finding. While bacterial communities of wild-type plants 
differed between control and contaminated soils, this was not seen 
for the mutant. In contrast to the fungi, arsenic had a stronger 
impact on the communities where both wild-type and mutant 
become similar in contaminated soil. Despite these subtle overall 
changes on community composition, we did not detect individual 
bacterial or fungal ASV which changed in abundance as a function 
of benzoxazinoid exudation and arsenic addition (SI Appendix, 
Table S6). Thus, we find subtle changes in the microbiome com­
position, but our analysis did not reveal any candidate taxa with 
the expected abundance pattern that could explain the observed 
plant phenotype and could be isolated for further functional 
analyses.

Benzoxazinoids Reduce Root Arsenic Accumulation. Mechanis­
tically, benzoxazinoids may reduce arsenic uptake and/or trans­
location. To test for such effects, we measured total arsenic levels 
in the roots and leaves of wild-type and bx1 mutant plants. As 
expected, only low levels of arsenic were detected in plants growing 
in control soils (Fig. 4). In soil with arsenic addition, we measured 
significantly lower arsenic concentrations in roots of wild-type plants 
(~70 mg kg−1) compared to the bx1 mutant (~90 mg kg−1; Fig. 4A). 
Leaves contained only small amounts of arsenic (~1 mg kg−1), and 
no differences between genotypes were found (Fig.  4B). Thus, 
benzoxazinoids reduce root arsenic accumulation. To get insights 
into the physiological relevance of the observed differences in root 
arsenic concentrations, we correlated root arsenic accumulation 

Fig. 2.   Soil complementation with benzoxazinoids reduces arsenic toxicity. (A) 
Plant height and (B) shoot dry biomass of wild-type (W22) and benzoxazinoid-
deficient bx1 mutant plants growing without (0 mg kg−1) or with arsenic addition 
(100 mg kg−1). For a subset of bx1 mutant plants, the soil was complemented 
with a mixture of purified benzoxazinoids, with DIMBOA-Glc as the dominant 
compound. Levels of significance (among genotypes): n.s. nonsignificant, . = 
marginally significant, *P < 0.05, **P < 0.01, ***P < 0.001. See Dataset S1 for 
detailed results of Tukey HSD tests.
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with growth across three levels of soil arsenic addition. We found 
that root arsenic concentration differences of 50 mg kg−1 were 
associated with a reduction in biomass accumulation of more 
than 50% (Fig. 4C). These data suggest that the concentration 
difference in total arsenic between wild-type and bx1 mutant roots 
of 20 mg/kg is sufficient to explain the growth differences between 
these two genotypes when growing in arsenic-amended soils.

Benzoxazinoids Change Arsenic Speciation in the Soil. To test 
whether the reduced arsenic uptake and/or the enhanced plant 
growth is associated with differential arsenic speciation, we quantified 
the different arsenic species in the rhizosphere. Most of the arsenic 
was present as AsV, the arsenic species that we spiked into the soil 
(SI Appendix, Fig. S5). We found a significantly higher concentration 
of remaining AsV in the rhizosphere of the bx1 mutant (~12.5 mg 
kg−1) compared to the rhizosphere of the wild-type plants (~7.5 mg 
kg−1). We detected small amounts of AsIII and two unknown arsenic 
species, without any significant differences between genotypes 
(SI  Appendix, Fig.  S5). Thus, benzoxazinoids change arsenic 
speciation in the soil and decrease the concentration of the initially 
added AsV. The fate of the disappearing AsV is currently unclear.

Field-Grown Plants Benefit More from Benzoxazinoids in a 
Field with High Arsenic Levels. To test whether benzoxazinoids 
benefit maize plants growing in an arsenic-contaminated  
field under realistic agricultural conditions, we grew wild-type and 
bx1 mutant plants in a maize field with high biogenic arsenic (430 
mg kg−1, “As+ field”). We also included a field nearby that contains 
10 times lower concentrations of arsenic (43 mg kg−1; termed “As− 
field”). In both fields, wild-type plants grew significantly better 
than the bx1 mutant. While this effect was subtle in the As− field, 

it was stronger in the As+ field, with wild-type plants grew 22 to 
40% taller than bx1 mutant plants (Fig. 5A), compared to 15 to 
22% in As− field. Shoot biomass showed the same significant 
pattern, albeit less pronounced (Fig. 5B). Thus, benzoxazinoids 
promote plant performance in the field, and this effect is stronger 
when arsenic is present at high levels.

The Reduction of Arsenic Toxicity by Benzoxazinoids Persists 
via Plant–Soil Feedbacks. To further investigate the importance 
of benzoxazinoids that are released into the soil for arsenic 
toxicity of future plant generations, we performed a plant–soil 
feedback experiment. As benzoxazinoids can have feedback effects 
independently of arsenic in certain soils (28), we chose a soil 
(Q-matte) that does not show feedback effects in the absence 
of additional stressors (36). We grew wild-type plants in control 
soils and soils with arsenic addition in which wild-type or bx1 
mutant plants had been growing previously. As expected, we did 
not observe any differences in height or shoot biomass of wild-
type plants growing in control soils (Fig. 6 A and B) In arsenic-
amended soil, plants grew taller and accumulated more biomass 
when benzoxazinoid-producing wild-type plants had been 
growing before compared to when bx1 mutants had been growing 
in this soil. Thus, benzoxazinoid-mediated arsenic tolerance can 
be transmitted as a soil legacy to the next generation of plants.

Discussion

Exuded plant specialized metabolites may help plants to deal with 
contamination by toxic levels of trace elements. Despite the sub­
stantial potential for agriculture, few studies have investigated this 
phenomenon and its underlying mechanisms (33, 37). Here, we 

Fig. 3.   Benzoxazinoids and arsenic interact to induce subtle changes in rhizosphere microbiota. The results of a CAP coordinates for bacteria and fungi computing 
dissimilarities with the model Bray–Curtis distance ~ arsenic * genotype is shown. Rhizosphere samples of wild-type (W22) and benzoxazinoid-deficient bx1 mutant 
plants growing without (0 mg kg−1) or with arsenic addition (100 mg kg−1) were analyzed. Variances and P-values were computed by a PERMANOVA with 999 
permutations. Levels of significance: *P < 0.05, **P < 0.01, ***P < 0.001.
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demonstrate that benzoxazinoids reduce arsenic toxicity in the 
greenhouse and in agriculturally relevant conditions in the field. 
We show that the improved plant performance is associated with 
direct interactions between benzoxazinoids and the soil environ­
ment. Below, we discuss the underlying mechanisms and agricul­
tural implications of this finding.

Specialized metabolites exuded from plant roots can improve 
plant growth by mobilizing micronutrients, suppressing pathogens 
and pests, attracting beneficial microbes, and attracting natural 
enemies of herbivores (38–42). Several studies also suggest that 

they may help plants to cope with trace elements toxicity (17). A 
maize cultivar that exudes benzoxazinoids from the root tips in 
response to aluminum for instance was more resistant to aluminum 
than another cultivar, suggesting a link between benzoxazinoid 
exudation and metal tolerance (37). Here, we performed geneti­
cally and environmentally controlled experiments to investigate 
whether and how benzoxazinoids enhance maize tolerance to arse­
nic, an important metalloid whose toxicity affects at least 140 
million people worldwide (43). We show that benzoxazinoid defi­
ciency, conferred by mutations in two different benzoxazinoid 
biosynthesis genes, reduced growth, and biomass accumulation in 
different soils, both in the greenhouse and the field in the presence 
of toxic arsenic levels in the soil. The link between benzoxazinoids 
and arsenic tolerance was corroborated by the fact that soil spiking 
with purified benzoxazinoids enhanced arsenic tolerance of the 
mutants. By demonstrating their involvement in arsenic tolerance, 
our study expands our view on the multifunctionality of benzox­
azinoids and specialized metabolites in general (44).

Specialized metabolites may protect plants from toxic levels of 
trace elements by acting inside the affected tissues, and/or by 
acting outside of the plant, i.e., in the rhizosphere and soil (17, 
33). Benzoxazinoids are released in substantial quantities by maize 
roots (45), and we provide several lines of evidence that suggest 
that they unfold their protective role in the surrounding soil. First, 
our complementation experiments demonstrated that external 
addition of benzoxazinoids to the soil partially rescued the 
wild-type phenotype. Second, we found that arsenic speciation in 
the soil was changed, and root uptake was reduced in wild-type 

Fig. 4.   Benzoxazinoids reduce root arsenic accumulation. (A) Root and (B) 
leaf arsenic concentrations of wild-type (W22) and benzoxazinoid-deficient 
bx1 mutant plants growing without (0 mg kg−1) or with arsenic addition (100 
mg kg−1). (C) Correlation between root arsenic concentration and plant dry 
biomass of wild-type plants growing in soils with different levels of arsenic 
addition. For comparison, the yellow and green lines correspond to minimal 
and maximal arsenic concentrations in W22 and bx1 mutant plants growing in 
soil with arsenic addition from A. Levels of significance (between genotypes): 
n.s. nonsignificant, . = marginally significant, *P < 0.05, **P < 0.01, ***P < 0.001. 
See Dataset S1 for detailed results of Tukey HSD tests.

Fig. 5.   Field-grown plants benefit more from benzoxazinoids in a field with 
high arsenic levels. (A) Plant height was recorded during maize growth season 
by 4 time points (2, 5, 9, and 14 wk after sowing) and (B) shoot dry biomass 
was measured after harvesting in wild-type (W22) and benzoxazinoid-deficient 
bx1 mutant plants. Left-hand panels are from a field with low arsenic (As−) 
(43 mg kg−1) and the Right-hand panels are from a field with high arsenic 
contamination (As+) (430 mg kg−1). Levels of significance (between genotypes): 
n.s. nonsignificant, . = marginally significant, *P < 0.05, **P < 0.01, ***P < 0.001. 
See Dataset S1 for detailed results of Tukey HSD tests.D
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plants, both pointing at effects that occur outside of the roots. 
Third, the protective effect of benzoxazinoids was transferred via 
the soil to the next plant generation, independently of their own 
capacity to produce benzoxazinoids, illustrating that changes in 
the soil are sufficient to modulate arsenic toxicity for maize. Given 
that many different specialized metabolites are released by plants 
into the soil (46, 47), and that several of them can interact with 
trace elements in the soil (48, 49), such interactions are likely 
widespread in the plant kingdom and may determine interactions 
between soil chemistry, plants, and plant consumers (50).

Benzoxazinoids can modify the speciation and bioavailability of 
trace elements such as iron (32, 50) and aluminum (33). Here, we 
demonstrate that benzoxazinoids also modify arsenic speciation 
and uptake. First, we observed that they enhance the conversion 
of arsenate (AsV), most likely to yet unknown forms of arsenic. AsV 
and its conversion product AsIII are directly taken up by plant 
through different transporters and are toxic to plants (51), the 
decrease in AsV may reduce the availability of inorganic arsenic to 
plants and thus mitigate toxic effects. Second, either as a conse­
quence or independently, maize roots of wild-type plants accumu­
late ~30% less total arsenic, a difference which is physiologically 
relevant, as shown by our spiking experiments. As the shoot con­
centration was only 1 to 2% of what was found in the roots, major 
toxic effects of arsenic can be expected to occur mainly in the root 
tissues. The reduced root accumulation in benzoxazinoid-producing 
plants may thus confer a true advantage for plant performance. 
Whether and how benzoxazinoids interact with inorganic arsenic, 
either directly or through interactions with soil microbes or other 
soil chemicals, including chelators, remains to be determined. In 

particular, more experiments are needed to determine the fate of 
AsV in benzoxazinoid-containing soils and to investigate the mech­
anisms leading to the reduced levels of arsenic in maize roots. 
Another open question in this context is which benzoxazinoids are 
the active compounds that reduce arsenic toxicity. Benzoxazinoid 
glycosides are rapidly converted to aglucones after being released 
into the rhizosphere, and the latter are then further metabolized 
to more stable breakdown products (reviewed by ref. 45). Detailed 
in vitro studies and complementation experiments with individual 
benzoxazinoids will be required to determine their relative impor­
tance in protecting plants from toxic levels of arsenic.

Benzoxazinoids may change the microbial community composi­
tion of the soil, which again may modify arsenic uptake dynamics 
(52). We profiled changes in rhizosphere bacteria and fungi to gain 
insights into this possibility. We detected only subtle interactive 
effects between benzoxazinoids and arsenic on the rhizosphere micro­
biota and found no candidate microorganisms whose changes in 
abundance would fit the observed plant performance patterns. 
Furthermore, we found that benzoxazinoids reduce arsenic toxicity 
across four different soils (three laboratory and one field soil) with 
widely different soil characteristics and likely very different microbial 
communities. Interactions between benzoxazinoids and rhizosphere 
microbiota are known to be highly context and soil-type specific 
(35, 36). Thus, these findings are not in support of a major role of 
the soil microbiota in the observed phenotype. Further experiments 
could focus on testing this hypothesis and investigating the role of 
soil microbial communities and dynamics in more detail, for instance 
though sterilization and complementation approaches (28, 53).

Arsenic toxicity is a major challenge for sustainable food pro­
duction in many regions of the world, and modifying plants to 
cope better with arsenic is seen as a promising strategy in this 
context (54). Our work reveals two directly applicable benefits 
of benzoxazinoids, a genetically resolved trait of cereals. First, 
benzoxazinoids reduce the plant performance penalty of maize 
plants growing in arsenic-contaminated fields. Second, benzox­
azinoids enhance the performance of subsequent crops growing 
in the same soil—thus adding a benefit to crop rotations. Most 
maize genotypes produce high amounts of benzoxazinoids, with 
notable variation in terms of structure and distribution (29). In 
the future, boosting benzoxazinoid production, especially of older 
maize plants, and boosting benzoxazinoid exudation into the 
rhizosphere may be desirable traits for traditional and modern 
breeding efforts. Producing such plants would not only enhance 
arsenic resistance and uptake but would also allow farmers to 
benefit from the other positive effects of benzoxazinoids, includ­
ing iron uptake (32) and resistance to generalist insect pests (55). 
However, it has to be kept in mind that benzoxazinoids also favor 
the occurrence of specialized insect herbivores (56–58). 
Appropriate management of herbivore and pathogen communi­
ties would thus need to be part of an effort to harness the potential 
of benzoxazinoids for sustainable agriculture.

In conclusion, we demonstrate that benzoxazinoids, that are 
released into the soil, benefit plant performance in arsenic-contaminated 
environments. From an ecological point of view, this finding under­
scores how a single class of bioactive specialized metabolites can pro­
vide a wide range of benefits to plants, whose relative importance 
varies with environmental conditions. From an applied point of view, 
our work suggests that employing cultivars with enhanced benzox­
azinoid exudation may be a useful strategy to maintain agricultural 
yields in arsenic-contaminated areas. The biosynthesis of benzoxazi­
noids is well understood, and proof-of-concept experiments show 
that benzoxazinoid production can be enhanced through genetic 
engineering (59). As soon as the mechanisms of benzoxazinoid exu­
dation are elucidated, hyper-releasing maize plants could be employed 

Fig.  6.   The reduction of arsenic toxicity by benzoxazinoids persists via 
plant–soil feedbacks. (A) Plant height and (B) shoot dry biomass of wild-type 
(W22) plants growing in soils without (0 mg kg−1) or with arsenic addition (100 
mg kg−1) that were conditioned by either wild-type (W22) or benzoxazinoid-
deficient bx1 mutant plants. Levels of significance (between genotypes): n.s. 
nonsignificant, . = marginally significant, *P < 0.05, **P < 0.01, ***P < 0.001. 
See Dataset S1 for detailed results of Tukey HSD tests.
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to support areas of the world where arsenic contamination constrains 
food production.

Methods

Performance of Benzoxazinoid-Deficient Mutant Plants in Arsenic-
Amended Soil.
Soil selection. To evaluate the interaction between benzoxazinoids and arsenic, 
we first identified a suitable test soil. For this purpose, we screened numerous 
agricultural soils from Switzerland. Based on its low level of arsenic (2.9 ± 0.5 mg/
kg), we chose to work with a silty loam soil (SI Appendix, Table S7) from “Q-Matte” 
in Frauenkappelen, Switzerland (46°57’20.5’’N, 7°19’58.3’’E). The A-horizon of 
this soil was collected and stored en bloc (24 m3) next to our greenhouse facility 
(Bern, Switzerland). To vary arsenic levels in this soil, we collected bulk soil from 
storage and sieved it to 1 cm. We measured the soil water content by weighing 
a precise amount of soil (n = 3) and then drying it. Twenty kg of moist soil was 
decanted in 5 transparent plastic boxes (REGALUX Clear Box L, 54.8 × 38.4 × 
28.3 cm, Bauhaus, Switzerland) and kept semiclosed with the respective plastic 
lid (REGALUX Clear Box-Deckel, 54.8 × 38.4 cm, Bauhaus, Switzerland). The soil 
was then watered with arsenic salt (sodium arsenate dibasic heptahydrate, ≥98%, 
Sigma-Aldrich, Switzerland) dissolved in MilliQ water to reach 100 mg kg−1 of 
arsenic and 60% water content. The soil was watered with arsenic solution in 4 
steps and mixed thoroughly in between to spread the solution homogeneously. 
For the control treatment without arsenic, we applied the same procedure with-
out adding sodium arsenate to the MilliQ water. The soil was incubated at room 
temperature (SI Appendix, Fig. S6A) for 6 wk at 60% water holding capacity (WHC), 
allowing for As equilibration between soil water and solid phases and simulat-
ing aging (60). We then merged, homogenized, and decanted the soils of the 
different boxes. For plant growth experiments, we added 1.8 kg of As spiked or 
control soil (n = 12) at 60% WHC in each pot (Rosentopf Soparco 2.0 L, Hortima 
AG, Switzerland). Each pot had an underpot (Untersetzer mit flachem Rand 16 cm, 
Hortima AG, Switzerland) to avoid cross-contamination during watering.
Plant germination. To evaluate the influence of benzoxazinoids on arsenic toxicity, 
we used the maize (Zea mays L.) inbred line W22 and the benzoxazinoid-deficient 
bx1 and bx2 mutants in a W22 background (61). Maize seeds were surface sterilized 
by soaking them for 6 min in commercial bleach containing 5% active hypochlorite 
(Potz Javel-Wasser Natur, Migros, Switzerland). Afterward, the bleach was removed, 
and the seeds were washed 5 to 6 times with autoclaved MilliQ water. For pregermi-
nation, the seeds were soaked in autoclaved MilliQ water in the dark for 8 h. After 
8 h, the seeds were placed on a moist filter paper (Rundfilter Sorte 1 Whatman, 90 
mm, Huberlab, Switzerland) in plastic petri dishes (petri dish 94 × 16 mm, without 
vents, sterile, Greiner Bio-One, Switzerland) overnight, before sowing them. All the 
work was performed at a clean bench.
Plant growth and performance. We sowed three surface-sterilized seeds per pot 
to ensure germination. After germination, we removed the extra seedlings and 
left only one seedling per pot. Maize plants (n = 12) were grown for 6 to 7 wk 
under greenhouse conditions (ranges: light/dark 14 h:10 h, daily temperature 
14 °C to 22 °C, night temperature 10 °C to 14 °C, humidity 50 to 70%), and the 
position of the pots was randomized weekly (SI Appendix, Fig. S6B). We fertilized 
the maize plants from week 2 with Plantaktiv Typ K (concentration 2 g/L, Hauert, 
Switzerland) by dissolving 50 g of nutrient salt in 1 L of water (stock solution). 
We transferred 80 mL of the stock solution in a 2-L container and diluted it with 
tap water. Two and three weeks after sowing, plants were watered with 100 mL 
nutrient solution. Four weeks after sowing, plants were watered with 200 mL 
nutrient solution. We measured plant height and chlorophyll content weekly or 
every 2 wk. Plant height was determined by straightening the leaves manually 
and measuring the highest point; chlorophyll content was determined with a 
SPAD meter (Chlorophyll meter SPAD-502, Minolta Camera CO., LTD., Japan), 
taking an average of nine measurements on the youngest fully open leaf (three 
on the tip, three in the middle, and three at the base of the leaf). At harvest, leaves 
were cut and dried in an oven (UF 1060 Plus, Memmert Experts in Thermostatics, 
Hettich Laborapparate) at 70 °C for 72 h, and dry mass was determined.

Impact of Soil Type on Arsenic Toxicity. To assess whether the observed effect 
of benzoxazinoids on arsenic toxicity depends on the soil type, we repeated the 
experiment as described above using two additional agricultural soils, Changins 
and Posieux (n = 10). These soils come from different areas of Switzerland 

(SI  Appendix, Fig.  S7) and have different soil characteristics (SI  Appendix, 
Table S2). Arsenic incubation, plant growth and fertilization, and plant perfor-
mance measurements were done as described in the section above.

Soil Complementation with Purified Benzoxazinoids.
Benzoxazinoid purification. To determine whether the mode of action of benzox-
azinoids on arsenic resistance is taking place in or outside the plant, we comple-
mented the soil of bx1 mutant plants with purified benzoxazinoids. We purified 
benzoxazinoids from germinated wild-type kernels. For that we prepared four 
batches of 40 g each of W22 seeds previously sterilized in containers and soaked 
them in autoclaved water for 14 h. Then the water was removed and every morning 
and evening the seeds were rinsed with autoclaved water several times. We left the 
seeds germinate for 4 d at 26 °C in the dark. Before harvesting we did not water the 
seeds for 12 h. After 4 d, we immediately put the germinated kernels (SI Appendix, 
Fig. S8A) into a blender (Mio Star Blend 600s, Migros, Switzerland) with 600 mL of 
methanol (methanol ≥ 99.8%, HPLC grade, Fisher Chemical) and blended them 
at full power for 5 min (SI Appendix, Fig. S8B). We filtered the mixture through 
a sintered glass filter (Filternutschen, 500 mL, Por. 3, Huberlab) and two filter 
papers (Qualitative Filter Paper, DP 595 090, 90 mm, ALBET LabScience, Germany) 
(SI Appendix, Fig. S8C). We evaporated the solvent on a rotary evaporator (RC900, 
KNF Neuberger AG, Balterswil, CHE) (SI Appendix, Fig. S8D). We freeze-dried this 
residue with a lyophilizator (LyoQuest -55, Telstar, Terrassa, ESP) (SI Appendix, 
Fig. S8E) until only crystallized residues were left in the flask. We added methanol 
to the extract and dissolved it by means of a sonicator (Ultrasonic bath, XUBA1, 
Grant Instruments). Afterward, we added 2 g of silica (silica 60, 0.062 to 0.2 mm, 
Macherey-Nagel, Macherey-Nagel GmbH & Co. KG, Germany), mixed it thoroughly 
and evaporated the methanol on the rotary evaporator. We scraped the silica and 
the extract from the walls and loaded them onto a solid loading cartridge (Solid 
Sample Cartridge, Teledyne). The compounds were separated on an automated 
flash column chromatography apparatus (CombiFlash Rf+, Teledyne ISCO Inc., 
Lincoln NE, USA). (SI Appendix, Fig. S8F) by using a 120 g silica cartridge, chloro-
form (suitable for HPLC, ≥ 99.8%, 0.5 to 1% ethanol as stabilizer, Sigma-Aldrich, 
Switzerland) and an increasing proportion of methanol as eluent. The elution 
gradient was as follows: 0 to 13% MeOH over 7 min, 13 to 16% MeOH over 9 
min, and 16 to 35% MeOH over 9 min. After separation, we collected the fractions 
of interest (SI Appendix, Fig. S8G), poured them into a round-bottom flask, and 
evaporated the solvent on the rotary evaporator. When only liquid was left, we 
added the silica again and repeated the separation with the CombiFlash with a 
smaller silica column (40 g, normal phase, disposable columns for flash chroma-
tography, RediSepRF) and collected fractions of interest again. We evaporated the 
solvent and collected the extract with a 2-mL syringe (Thermo Scientific™ National 
Target All-Plastic Disposable Syringes, Fisher Scientific, Switzerland) with a needle 
(hypodermic needle, 0.8 × 70 mm, 21G, NIPRO Europe N.V., Belgium), exchanged 
the needle with a PTFE 0.20 filter (chromafilXtra, Macherey-Nagel GmbH & Co. KG, 
Germany), and filtered the extract in a preweighed small round-bottom flask. We 
evaporated the solvent and dried the extract, dissolved it in distilled water, and 
freeze-dried it to obtain crystallized compounds (SI Appendix, Fig. S8H).
Ultra-high performance liquid chromatography mass spectrometry analysis. 
To determine the purity of the extracted benzoxazinoids, we analyzed them by 
UHPLC-MS and adapting a previous protocol (62). Briefly, an Acquity UHPLC system 
coupled to a G2-XS QTOF mass spectrometer equipped with an electrospray source 
and piloted by the software MassLynx 4.1 (Waters AG, Bade-Dättwil, Switzerland) 
was used. Gradient elution was performed on an Acquity BEH C18 column (2.1 × 
50 mm i.d., 1.7 mm particle size) at 90 to 70% A over 3 min, 70 to 60% A over 1 
min, 40 to 100% B over 1 min, holding at 100% B for 2.5 min, holding at 90% A for 
1.5 min where A = 0.1% formic acid (FA)/water and B = 0.1% FA/acetonitrile (ACN). 
The flow rate was 0.4 mL/min. The temperature of the column was maintained at 
40 °C, and the injection volume was 1 μL. The QTOF MS was operated in positive 
mode. The data were acquired over an m/z range of 50 to 1,200 with scans of 0.15 
s at a collision energy of 4 V and 0.2 s with a collision energy ramp from 10 to 40 
V. The capillary and cone voltages were set to 2 kV and 20 V, respectively. The source 
temperature was maintained at 140 °C, the desolvation was 400 °C at 1,000 L/h 
and cone gas flow was 50 L/h. Accurate mass measurements (<2 mg kg−1) were 
obtained by infusing a solution of leucin encephalin at 200 ng/mL and a flow rate 
of 10 mL/min through the Lock Spray probe.
Chemicals. Optima LC–MS FA and ACN, as well as HPLC grade methanol were 
purchased from Fisher Scientific AG. BOA (benzoxazolin-2(3H)-one) and MBOA D
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(6-methoxy-BOA) were purchased from Sigma-Aldrich Chemie GmbH (Buchs, 
Switzerland). N-(3-methoxy-2-hydroxyphenyl)malonamic acid was received as 
a gift from Francisco A. Macías (University of Cádiz, Spain). DIMBOA-Glc and 2-
O-β-D-glucopyranosyl-2-hydroxy-4,7-dimethoxy-2H-1,4-benzoxazin-3(4H)-o
ne were isolated from maize plants in our laboratory. DIMBOA, 2,4-dihydroxy-7-
(methoxy-d3)-2H-1,4-benzoxazin-3(4H)-one, MBOA-Glc, 2-hydroxy-7-methoxy
-2H-1,4-benzoxazin-3(4H)-one, APO (2-amino-3H-phenoxazin-3-one), AMPO 
(9-methoxy-APO), 9-methoxy-AMPO, were synthesized in our laboratory.
Soil complementation. The greenhouse experiment was performed in the same 
conditions as described before and lasted 6 wk (n = 10). The crystallized benzox-
azinoids were dissolved in MilliQ water and complemented to the mutant every  
3 d, with a total amount of 1.6 mg of benzoxazinoids per pot per week. This 
amount corresponds to physiologically relevant doses used in previously pub-
lished work (28, 32), as determined by Gfeller et al. 2023 (53).

Impact of Arsenic on the Rhizosphere Microbiota.
Rhizosphere sampling, DNA extraction, and library preparation. To assess 
whether arsenic contamination influences the rhizosphere microbiome of 
wild-type and benzoxazinoid-deficient bx1 mutant plants, we profiled bacterial 
and fungal community composition by next-generation sequencing (n = 12). 
Rhizosphere was collected at 6 wk by cutting the root section from −2 to −7 cm, 
placing it in a 50 mL tube (Sigma Corning® 50 mL centrifuge tubes, polypropyl-
ene, conical bottom w/ CentriStar cap, sterile, Sigma-Aldrich, Switzerland) with 
25 mL MilliQ water. We shook the tubes 10 times and then added another 25 
mL MilliQ to the same tube and shook it again 10 times before removing the 
root material. We centrifuged the tubes at 3,220 × g for 5 min (Sorvall Legend 
XTR centrifuge, Unity Lab Services, Thermo Scientific, Switzerland). We poured 
out the water from the tube and stored the sample pellets at −80 °C until DNA 
extraction. DNA extraction was based on the EMP DNA Extraction Protocol (63, 
64). DNA was prepared using the DNeasy PowerSoil Pro Kit (QIAGEN, Beverly, MA, 
USA) following the manufacturer's instructions. The mix of 200 mg of rhizosphere 
material and 800 µL of Solution CD1 was homogenized with a Retsch Mixer Mill 
at 25 Hz for 10 min. DNA was eluted from the MB Spin Column with 100 µL of 
Solution C6. The DNA concentrations were quantified with the AccuClear® Ultra 
High Sensitivity dsDNA quantification kit (Biotium, Fremont, CA) and diluted to  
2 ng µL−1 using a Myra Liquid Handler (Bio Molecular Systems). During that step, 
the DNA was distributed into two 96-well plates in a random and equal manner.

For the bacterial library, a first PCR reaction was performed with the 16S rRNA 
gene primers CS1-515-F [ACACTGACGACATGGTTCTACA*GTGYCAGCMGCCGCGGTAA 
– CS1 tagged version of Parada et  al. (65)] and CS2-806-R [TACGGTAGCAGAGAC​
TTGGTCT*GGACTACNVGGGTWTCTAAT – CS2 tagged version of Apprill et al. (66)]. A sec-
ond PCR tagged the PCR product with Access Array™ Barcode Library for Illumina® 
Sequencers—384, Single Direction (Fluidigm, South San Francisco, CA, USA). The first PCR 
program consisted of an initial denaturation step of 3 min at 94 °C, 25 cycles of denatur-
ation at 94 °C for 45 s, annealing at 50 °C for 60 s, elongation at 72 °C for 90 s, and a final 
elongation at 72 °C for 10 min. The second PCR program was similar, with the difference 
that the annealing temperature was increased to 60 °C and that the number of cycles 
was reduced to 10. For the fungal library, first a PCR reaction was performed with the ITS 
region primers CS1-ITS1f-F [ACACTGACGACATGGTTCTACA*CTTGGTCATTTAGAGGAAGTAA—
CS1tagged version of Gardes and Bruns 1993 (67)] and CS2-ITS2-R [TACGGTAG​
CAGAGACTTGGTCT*GCTGCGTTCTTCATCGATGC—CS2tagged version of White et al. (68)]. A 
second PCR tagged the PCR product with Access Array™ Barcodes. The first PCR program 
consisted of an initial denaturation step of 3 min at 94 °C, 25 cycles of denaturation 
at 94 °C for 45 s, annealing at 50 °C for 60 s, elongation at 72 °C for 90 s, and a final 
elongation at 72 °C for 10 min. The second PCR program was similar, with the difference 
that the annealing temperature was increased to 60 °C and that the number of cycles 
was reduced to 10. The sample-to-barcode assignment is available in Dataset S2.

All PCR reactions were performed with NGS grade Oligos (Eurofins Genomics, 
Ebersberg, Germany) and the Platinum Hot Start PCR MM (Invitrogen™, Thermo 
Fisher Scientific, Waltham, MA, USA). All PCR products and pooled libraries were 
purified with SPRIselect beads (Beckman Coulter, Brea, CA, USA) according to 
the manufacturer’s protocol with a ratio of 1:1; and were quantified with the 
AccuClear® Ultra High Sensitivity dsDNA quantification kit (Biotium, Fremont, 
CA). Subpools of bacteria and fungi samples were assembled by library type 
using a Myra Liquid Handler by adding an equal mass of each PCR product. All 
samples were sequenced (v3 chemistry, 300 bp paired end) on an Illumina MiSeq 
instrument at the NGS platform of the University of Bern.

Bioinformatics. First, we performed a quality control using FastQC [V0.11.8, (69)]. 
Barcodes were previously removed and written to the sequence headers by the 
NGS platform. We removed primers with cutadapt [V3.4, (70)] and used sequence 
headers information to demultiplex the data. Nine samples were discarded due 
to a very low number of sequences or because they were detected as outliers. 
With the same methods as used in Gfeller et al. (71) we used dada2 [V1.16.0, 
(72)] in R [V4.0.0, (73)] to infer exact sequences variants and assign taxonomies. 
The sequencing data and bioinformatic code are publicly available (see section 
Data, Materials, and Software Availability).

Impact of Benzoxazinoids on Arsenic Uptake and Speciation.
Total arsenic in roots and leaves. To test whether the capacity to produce 
benzoxazinoids influences arsenic accumulation, we measured total arsenic in 
roots and leaves (n = 12). After sampling the fresh samples at 6 wk, we freeze-
dried them for 72 h in a lyophilizer (Swiss Vacuum Technologies SA, Telstar 
LyoQuest, Switzerland) and ground them with a mill (Retsch MM400 Mixer 
Mill, Fisherbrand™, Waltham, MA) at 30 Hz for 2 min. We weighed, 0.25 g of 
freeze-dried material directly into centrifuge tubes (Corning® 50 mL centrifuge 
tubes, sterile, Sigma-Aldrich, Switzerland). As a control, we included triplicates 
for blanks and a certified reference material (CRM; NIST 1573a, tomato leaves, 
National Institute of Standards and Technology, U.S. Department of Commerce, 
Gaithersburg, MD) (certified arsenic concentration of 0.112 ± 0.004 mg kg−1; 
measured concentration 0.13 ± 0.01) with the following number of samples for 
each microwave run: 44, 47, 16, and 24. We added 4 mL of concentrated HNO3 
(65%; sub-boiled) to each sample and let it react overnight and 2 mL of 30% (w/w) 
peroxide (Suprapur H2O2; Sigma-Aldrich®, Switzerland) to each tube in three  
5 min intervals and let it stand for 30 min to prevent over frothing. We vortexed 
each sample and digested it in a microwave oven (Microwave Digestion System 
MARS™ 6; CEM GmbH) (74) at 55 °C for 10 min, 75 °C for 10 min, and 95 °C for 
30 min. After digestion, the samples were diluted to 50 mL with MilliQ water, 
weighed, and stored at 4 °C until analysis. Before analysis, we centrifuged them 
at 2,500 rpm for 5 min (Multifuge™ X1 Centrifuge Series, Thermo Scientific™, 
Reinach, Switzerland) and diluted them with a dilution factor of 5 (roots and 
leaves) or 2 (CRM) with 1% HNO3. The samples were finally analyzed by induc-
tively coupled plasma mass spectrometer (ICP-MS; 7700× Agilent Technologies).
Arsenic speciation in the rhizosphere. To determine whether benzoxazinoids 
exudation has an impact on arsenic speciation in the rhizosphere, we performed 
additional analyses (n = 6) using a previously published method (75). At harvest-
ing, a root section (2 to 7 cm below the soil surface) was put into a 50 mL centrifuge 
tube (Sigma Corning® 50 mL centrifuge tubes, polypropylene, conical bottom 
w/CentriStar cap, sterile, Sigma-Aldrich, Switzerland), with 25 mL of autoclaved 
Q-MilliQ water. The tube was shaken manually upside down 10 times, 25 mL of 
autoclaved MilliQ water was added, and the shaking was repeated. We removed 
the roots with tweezers, centrifuged the tubes at 3,220 × g for 5 min (Sorvall 
Legend XTR centrifuge, Unity Lab Services, Thermo Scientific, Switzerland) and 
removed the supernatant. The material was freeze-dried for 72 h in a lyophilizer 
(Swiss Vacuum Technologies SA, Telstar LyoQuest, Switzerland). After drying, the 
rhizosphere was homogenized with mortar and pestle and stored at room tem-
perature before analysis. The eluent for the speciation analysis was also used as 
extractant and was composed of 5 mM tetrabutylammonium hydroxide (Sigma-
Aldrich, Switzerland), 5 % (v/v) methanol and 3 mM malonic acid (Sigma-Aldrich, 
Switzerland). It was then pH-adjusted to 5.9. The buffer was deoxygenated by bub-
bling it with nitrogen for 30 min. We weighed 2-mL test tubes (Safe-Lock Eppenforf 
tubes, Eppendorf AG, Germany) containing 5 acid-washed zirconium oxide beads 
before transferring 60 mg of material (dry weight). We added 2 mL of buffer, closed 
the tubes, weighed them again (tube and beads + sample + buffer), and extracted 
the samples at 30 rpm for 10 min (Mixer Miller RETSCH MM 400, Fisherbrand™, 
Waltham, MA). After extraction, we centrifuged the samples at 2,500 rpm for 5 
min (Multifuge™ X1 Centrifuge Series, Thermo Scientific™, Reinach, Switzerland), 
filtered with a 0.22 μm hydrophilic polytetrafluoroethylene filter (13 mm syringe 
filter, BGB®, Switzerland) and transferred 500 to 700 μL of the supernatant to a 
0.7 mL PP HPLC vials (BGB®, Switzerland). The As speciation analysis was done by 
high-performance liquid chromatography-ICP-MS (HPLC-ICP-MS) with a 1260 
Infinity HPLC coupled to a 7700× ICP-MS (both Agilent Technologies). The As 
species were separated by ion-pairing chromatography using a Zorbax SB-C18 
column (150 mm × 4.6 mm, 5 μm particle size, Agilent, Switzerland) and the 
previously described eluent. The column was maintained at 50 °C and the flow D
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rate was set to 1.2 mL min−1. The usual QA/QC procedures of calibration, spiking, 
chloride interference check, and determination of column recovery were applied. 
To calibrate the HPLC-ICP-MS, we used dimethylarsinic acid standards, freshly 
prepared in the eluent, at concentrations ranging from 0.1 to 100 μg kg−1. The 
column recovery for the method was 105.6 ± 25.8%. The species were identified 
by retention time and spiking. We used two distinct As species mix to check for 
optimal separation. However, AsIII and trimethylarsenic oxide can coelute with this 
method. Thus, we also used a combination of spiking and oxidizing of samples with 
hydrogen peroxide on one sample from each treatment. After oxidation, AsIII was 
converted to AsV, and no peak remained, thus showing that only AsIII was present. 
We also checked for polyatomic interference with chloride.

Protective Role of Benzoxazinoids in the Field. To test for the importance 
of benzoxazinoids in arsenic tolerance in the field, we chose an agricultural 
area in Switzerland with high geogenic arsenic (76). The contaminated region 
is situated in the Canton Basel-Landschaft, Switzerland, around the village of 
Liesberg. In this area, arsenic concentrations in soils have been found to exceed 
the remediation value. The Canton of Basel-Landschaft has measured the arse-
nic concentration of food crops (between 0.01 and 0.46 mg kg−1of wet weight) 
growing on the contaminated soil (between 28 and 300 mg kg−1) (76) and 
grass from permanent grassland, which is used as feed (77). We grew plants 
in two closely neighboring fields, one a heavily contaminated field (430 mg 
kg−1, 47°24’19.6’’N 7°25’38.2’’E) and the other a weakly contaminated field 
(43 mg kg−1, 47°24’33.4’’N 7°25’02.8’’E) (SI Appendix, Fig. S9). In each field, 
we had six subplots where we planted both genotypes (W22 and bx1, n = 6 
per subplot) in a line (in total n = 36 per genotype per field). The other lines 
were planted with a commercial maize hybrid (SI Appendix, Fig. S10 A and B). 
Seeds were planted on the 1st of June 2021, and the plants were harvested on 
the 21st of September 2021 before the harvest of the rest of the field by the 
farmer (SI Appendix, Fig. S10C). The fields were managed following the details 
in SI Appendix, Table S8. Plant height and chlorophyll content were measured 4 
times during the period of growth (2, 5, 9, and 14 wk after sowing). Plant height 
was determined by straightening the leaves and measuring the highest point. 
Chlorophyll content was determined with the SPAD meter (Chlorophyll meter 
SPAD-502, Minolta Camera CO., LTD., Japan) by taking the average among nine 
measurements (three at the base, three in the middle, and three on the tip of the 
leaf). After 14 wk of growth, plants were harvested by cutting the aboveground 
part 1 cm from the crown roots to separate it from the roots that were sampled 
and washed with tap water. Both aboveground and belowground parts were 
dried in an oven (UF 1060 Plus, Memmert Experts in Thermostatics, Hettich 
Laborapparate, Switzerland) at 70 °C for 72 h.

Protective Role of Benzoxazinoids for Subsequent Crops. To test whether 
benzoxazinoid exudation protects the next plant generation growing in the same 
soil, we performed a plant–soil feedback experiment (n = 10). Following the 
same methods for spiking the soil with sodium arsenate and growing the plants 
in the same conditions as explained before, the feedback experiment consisted 
of two phases. During the first phase (conditioning phase) we grew W22 and bx1 
mutant in both arsenic-free and arsenic-contaminated soils for 6 wk. After the 
conditioning phase, we harvested the plants including the root system; we sieved 
the soil of each pot through a 1-cm sieve and decanted it again in the same pot. 
In the second phase (feedback phase), we planted wild-type W22 seeds in all 
pots. The feedback phase also lasted 6 wk, during which plant performance was 
measured. At the end, plants were harvested, and the leaves were dried for 72 h 
at 70 °C in a dry oven to get the dry biomass.

Correlation between Root Arsenic Accumulation and Plant Performance. 
To correlate root arsenic accumulation and plant performance, we grew W22 
maize plants in soils spiked with 0, 100, and 200 mg kg−1 of arsenic (calculated 

and spiked as explained above) in soil for 5 mo (n = 10). Plants grew in the 
greenhouse, with the fertilization and soil WHC as described before. We meas-
ured plant height regularly and we dried aboveground biomass at the end 
of the experiment, after 72 h drying at 70 °C. We also harvested plant roots, 
lyophilized them, and determined total arsenic levels following the procedure 
described above.

Statistical Analyses. All statistical analyses were performed in R (version 4.1.2). 
All datasets were checked for normality with Shapiro–Wilk tests (P < 0.05) and 
transformed as necessary (square-root, log, or rank) to meet assumptions for 
subsequent analyses. Eventual data transformations are indicated in the statistics 
tables for each figure. Such a general approach in treating the data permitted 
us to assess all the data with the same statistical test (ANOVA and pairwise test), 
using the following model: data ~ Genotype (G) * Arsenic (A) * (Week (W)). The 
factor “Week” was only considered with parameters taken through time (plant 
height and chlorophyll content), while ignored when a parameter was taken at a 
single time point. ANOVA tables and details on data transformations can be found 
in Supplementary Information (SI  Appendix, Tables  S9 and S10). Differences 
between treatments were tested with pairwise Tukey HSD tests (Dataset S1). The 
boxplots represent by default the first (Q1) and third quartile (Q3), known as the 
interquartile range (IQR), with the median of each group. The whiskers display the 
minimal and maximal values, calculated with the following equation: min(max, 
Q3+1.5*(Q3-Q1)) and max(min, Q1-1.5*(Q3-Q1)).

For the microbiota analysis, one fungal sample was removed because of low 
sequencing yield. Four bacterial and four fungal samples were not considered for 
analysis based on the result of a CLOUD outlier analysis. Data were normalized by 
total sum scaling. Bray–Curtis (BC) distances were calculated, and a permutation 
ANOVA (PERMANOVA, ~ genotype * arsenic, 999 permutations) was performed 
to conduct for differences in phylum-abundances. The alpha diversity of each 
sample was determined by calculating Shannon diversity. An ANOVA with the fac-
tors genotype and arsenic (~ genotype * arsenic) was performed to test for alpha 
diversity differences. BC distances were calculated as an index for beta-diversity 
and a PERMANOVA (~ genotype * arsenic; 999 permutations) was used to test for 
differences. Beta diversity was visualized using ordinations. Differential abundance 
analyses (DAA) were performed to find ASVs differing in abundance between the 
maize genotypes in arsenic-amended soil. Four DAA tools [ALDEx2 (78), ANCOMBC 
(79), Maaslin2 (80), and metagenomeSeq (81)] were used and predicted ASVs to 
be different in abundance if they were detected by at least two tools.

Data, Materials, and Software Availability. The raw sequencing data are 
available from the European Nucleotide Archive (http://www.ebi.ac.uk/ena) 
under the study accession PRJEB55585 and the sample ID ERS12841720 (82). 
The bioinformatic code of sequence processing and the R codes of the statistical 
analyses are available on GitHub (https://github.com/PMI-Basel/Caggia_et_al_
As-BX_interaction) (83).
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