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Although plants are able to withstand a range of environmen-
tal conditions, spikes in ambient temperature can impact plant 
fertility causing reductions in seed yield and notable economic 
losses1,2. Therefore, understanding the precise molecular 
mechanisms that underpin plant fertility under environmen-
tal constraints is critical to safeguarding future food produc-
tion3. Here, we identified two Argonaute-like proteins whose 
activities are required to sustain male fertility in maize plants 
under high temperatures. We found that MALE-ASSOCIATED 
ARGONAUTE-1 and -2 associate with temperature-induced 
phased secondary small RNAs in pre-meiotic anthers and 
are essential to controlling the activity of retrotransposons 
in male meiocyte initials. Biochemical and structural analy-
ses revealed how male-associated Argonaute activity and its 
interaction with retrotransposon RNA targets is modulated 
through the dynamic phosphorylation of a set of highly con-
served, surface-located serine residues. Our results demon-
strate that an Argonaute-dependent, RNA-guided surveillance 
mechanism is critical in plants to sustain male fertility under 
environmentally constrained conditions, by controlling the 
mutagenic activity of transposons in male germ cells.

Crop yield loss driven by high temperatures has been widely 
reported in many species, posing a real threat to food security2,4. 
Plant male reproductive development is especially sensitive to 
spikes in temperature5, with direct consequences on fertility and 
seed productivity3,6 probably due to metabolic and physiological 
changes resulting from induced epigenetic perturbations7. In rice, 
the temperature-sensitive genic male sterile mutants pms3 and p/
tms12-1 have been found to carry mutations in long non-coding 
RNA precursors that normally produce phased secondary small 
interfering RNAs8–10 mainly in developing anthers. The slicing of rice 
long non-coding RNA phasiRNA (PHAS) precursors is directed by 
two 22-nt micro RNAs (miR2118 and miR2275)11–13, leading to the 
formation of double-stranded RNA by RNA-DEPENDENT RNA 
POLYMERASE-6 (RDR-6)14, which is sequentially processed by 
Dicer-like (DCL) proteins DCL4 or DCL5 into 21- or 24-nt phasiR-
NAs, respectively15,16. Interestingly, two rice Argonaute-like (AGO) 
proteins, AGO 18 and MEIOSIS ARRESTED AT LEPTOTENE-1 
(MEL-1), have been found to be associated with 21-nt phasiRNAs 

and are required for male fertility12,17,18. Thus, while the production 
of phasiRNAs in rice anthers has been linked to male fertility, the 
precise biological significance of this pathway in plants remains 
largely unknown.

It has been reported that maize anthers also accumulate two 
distinct populations of phasiRNAs, which occur at distinct phases 
of male germ cell development, and that DCL5 is critical for male 
fertility19,20. Of particular interest is the 21-nt phasiRNA subclass, 
which is abundant in the epidermis of pre-meiotic wild-type anthers 
but absent in male sterile mutants lacking a functional anther epi-
dermis19,21. We postulated that the pre-meiotic phasiRNA pathway 
might play a critical role in supporting male fertility in plants. To 
this end, we scanned maize transcriptome data to identify compo-
nents of the small RNA pathway specifically expressed in the epi-
dermis of pre-meiotic anthers22. We identified two Argonaute-like 
genes with similarity to Arabidopsis AGO-5 and rice MEL-1, 
which we named MALE-ASSOCIATED ARGONAUTE-1 and -2 
(MAGO1 and MAGO2) (Supplementary Fig. 1a,b). We found that 
MAGO1/2 accumulate primarily in the cytoplasm of epidermal 
cells of pre-meiotic anthers and in the nuclei of developing meio-
cytes (Supplementary Fig. 1c–e).

To determine the potential roles of MAGO1/2, we first identi-
fied transposon insertion mutant alleles for both genes and found 
that while all wild-type and single-mutant plants grown under field 
conditions produced fully viable mature pollen, double-mutant 
plants were male sterile (Supplementary Fig. 2a,b). In addition, 
we generated MAGO1/2 RNA interference lines to simultaneously 
downregulate both genes (MAGOKD) (Supplementary Fig. 2c) and 
found that most MAGOKD lines displayed a range of male steril-
ity phenotypes (non-viable pollen) under field-grown conditions  
(Fig. 1a and Supplementary Fig. 2d). Taken together, our genetic 
analyses revealed that MAGO genes act redundantly to support 
male fertility in maize.

Because the spatial and temporal accumulation of MAGO1/2 
mirrors the reported expression of 21-nt phasiRNAs and the pre-
dicted miR2118 trigger19, we next tested whether MAGO1/2 are 
involved in either the biogenesis or function of these phasiRNAs. We 
therefore performed immunoprecipitations using specific antisera 
and sequencing the bound sRNAs. We found that both MAGO1/2 

A transposon surveillance mechanism that 
safeguards plant male fertility during stress
Yang-Seok Lee1, Robert Maple   1, Julius Dürr1, Alexander Dawson1, Saleh Tamim   2, Charo del Genio3, 
Ranjith Papareddy   4, Anding Luo5, Jonathan C. Lamb6,10, Stefano Amantia   1, Anne W. Sylvester5, 
James A. Birchler6, Blake C. Meyers   4,7, Michael D. Nodine   8, Jacques Rouster9 and 
Jose Gutierrez-Marcos   1 ✉

NATuRe PLANTS | VOL 7 | JANUARY 2021 | 34–41 | www.nature.com/natureplants34

mailto:J.F.Gutierrez-Marcos@warwick.ac.uk
http://orcid.org/0000-0002-9175-5024
http://orcid.org/0000-0002-6215-7041
http://orcid.org/0000-0002-4067-5999
http://orcid.org/0000-0002-2354-0267
http://orcid.org/0000-0003-3436-6097
http://orcid.org/0000-0002-6204-8857
http://orcid.org/0000-0002-5441-9080
http://crossmark.crossref.org/dialog/?doi=10.1038/s41477-020-00818-5&domain=pdf
http://www.nature.com/natureplants


LettersNATURE PLANTS

are associated with pre-meiotic 21-nt phasiRNAs (Supplementary 
Fig. 3a–d); however, the abundance of these sRNAs was not sig-
nificantly altered in MAGOKD plants (Supplementary Fig. 3e). This 
analysis revealed that MAGO1/2 are not directly implicated in the 
biogenesis of these particular phasiRNAs.

Given that male germline pre-meiotic phasiRNAs in rice 
are implicated in heat-stress sensitivity and male fertility9,10, we 
investigated the effects of heat stress on MAGO1/2 activity in 
maize. We therefore grew wild-type and MAGOKD plants under 
controlled-temperature conditions (28/25 °C day/night) and 
exposed them to a brief heat-stress treatment (35/25 °C day/night) 
either before or after male meiosis. Under controlled conditions, 
although we observed slight differences in pollen viability between 
wild-type and MAGOKD plants these were exacerbated when plants 
were subjected to heat stress pre-meiotically, with MAGOKD plants 
becoming largely infertile (Fig. 1b and Supplementary Fig. 4). 
On the other hand, all plants subjected to heat stress after meio-
sis showed slightly reduced pollen viability compared with those 
grown only under controlled conditions, yet no significant differ-
ence was observed between wild-type and MAGOKD plants, sug-
gesting that a short exposure to heat stress after meiosis generally 
affects pollen viability to a lesser extent (Supplementary Fig. 4). 
Taken together, our genetic analyses revealed that MAGO genes are 
required before meiosis to support male fertility under heat stress. 
Furthermore, we postulated that a new class of MAGO-associated, 
pre-meiotic phasiRNAs might determine male fertility under 
restrictive temperature conditions. To test this idea, we sequenced 
sRNAs from pre-meiotic anthers after a short exposure to heat 
stress. We found that a group of 21-nt phasiRNAs (126/439) were 
deregulated in MAGOKD plants independently of growth tempera-
ture conditions. After heat stress, however, a large fraction of 21-nt 
phasiRNAs (313/439) accumulated at very high levels in wild-type 
plants in response to heat stress, but not in MAGOKD plants (Fig. 1c,  
Supplementary Fig. 5 and Supplementary Table 1). We therefore 
named this discrete group of sRNAs heat-activated 21-nt phasiR-
NAs (Hphasi). Analysis of uncapped RNA ends provided strong 
evidence for miR2118-directed cleavage of Hphasi lncRNA precur-
sors in pre-meiotic wild-type anthers (Supplementary Fig. 6). The 
spatial distribution of these sRNAs was determined by RNA in situ 
localization on anther sections from wild-type plants grown under 
both permissive and restrictive conditions (Fig. 1d). We found that 
heat stress triggered Hphasi accumulation, primarily in the epider-
mis of pre-meiotic anthers but also in the inner anther cell layers 
at the onset of meiosis. However, we did not observe any increase 
in the accumulation of miR2118 in pre-meiotic anthers after heat 
stress. We therefore sought to determine whether the biogenesis 
of these RNAs might play a role in male fertility. Given that helper 
component-proteinase (HC-Pro) viral silencing suppressor can 
directly bind and sequester sRNAs23,24, we reasoned that HC-Pro 
induction in heat-stressed pre-meiotic anthers could interfere with 
the biogenesis and/or function of this particular class of phasiR-

NAs. To test this hypothesis, we first generated transgenic plants 
carrying a dexamethasone (DEX)-inducible HC-Pro construct. We 
next immunoprecipitated HC-Pro from DEX-treated anthers and 
sequenced the bound sRNAs. We found that HC-Pro expression in 
pre-meiotic anthers was associated with 21-nt phasiRNAs and their 
predicted miR2188 trigger (Supplementary Fig. 7a–d). To further 
define the role(s) of these sRNAs, HC-Pro was ectopically expressed 
in anthers before and after meiosis. Pre-meiotic induction resulted 
in a near complete lack of pollen grains at anther maturity, whereas 
post-meiotic HC-Pro induction exerted only minor effects on pol-
len production (Supplementary Fig. 7e). To establish whether the 
HC-Pro-mediated effects on male fertility were specifically linked 
to sRNAs produced in anther epidermal tissues, we generated maize 
plants with HC-Pro under the control of an epidermal-specific 
HDZIV6 transactivation system (HDZIV6>>HC-Pro) and con-
firmed exclusive HC-Pro expression in the anther epidermis by 
immunolocalization using a specific HC-Pro antibody that we gen-
erated (Fig. 1e,f). Notably, we found that the production of pollen 
grains in HDZIV6>>HC-Pro plants was markedly reduced com-
pared to that in control plants (Fig. 1g). Collectively, these data 
provide evidence for the activation of a sRNA cascade in anther epi-
dermis that is critical to supporting male fertility under restrictive 
temperature-stress conditions.

Computational genome-wide scans showed that Hphasi mapped 
primarily to transposable elements and, specifically, to long ter-
minal repeat retrotransposons (LTRs) within the maize genome 
(Supplementary Fig. 8a,b). Because transposable elements are typi-
cally deregulated in plants during periods of genome shock or abiotic 
stress25, we reasoned that Hphasi might be involved in their silenc-
ing in anthers following environmental stress exposure. To test this 
hypothesis, we performed RNA sequencing (RNA-seq) to compare 
global changes in gene expression in pre-meiotic anthers of MAGOKD 
and wild-type plants. Under permissive conditions, we did not observe 
any notable changes in the anther-specific expression of coding genes 
between wild-type and MAGOKD (Supplementary Fig. 8c). By con-
trast, exposure to heat stress preceding meiosis resulted in global 
changes in anther gene expression in all plants tested, independently 
of genotype (Supplementary Fig. 8c,d and Supplementary Table 2). 
Notably, we found that LTRs were significantly deregulated in the 
anthers and meiocytes of MAGOKD plants following heat stress (Fig. 
2a,b and Supplementary Table 3). In addition, most of the retrotrans-
posons upregulated in heat-stressed MAGOKD plants were low-copy 
(<100) retrotransposons of the Gypsy class (LRGs) predicted to be tar-
geted by Hphasi (Supplementary Fig. 9a and Supplementary Table 4). 
Subsequent analysis of uncapped RNA ends provided strong support 
for the directed cleavage of LRGs by Hphasi (Fig. 2c and Supplementary  
Fig. 9b). To test whether MAGO and associated phasiRNAs are 
involved in modulating the mobility of these LRGs, we carried 
out transposon display and retrotransposon-sequence capture on  
progenies generated from reciprocal crosses between wild-type  
and MAGOKD plants grown under summer field conditions and 

Fig. 1 | MAGO and pre-meiotic sRNAs are essential for male fertility in maize. a, Male fertility defects observed in MAGOKD (line T02878_006) and 
wild-type (WT) plants grown under field conditions. Pollen grains (insets) following Alexander’s staining and mature male inflorescences (n = 10 biological 
replicates). Scale bar, 5 cm (insets, 200 μm). b, Pollen viability in WT and MAGOKD (line T02878_006) plants under controlled permissive conditions 
(28 °C) and subjected to heat stress (35 °C) before meiosis (n = 10). Scale bars, 200 μm. c, Accumulation of 21-nt phasiRNAs in anthers of WT and 
MAGOKD (line T02878_006) plants exposed to different temperatures preceding meiosis (n ≥ 2 biologically independent samples each). d, In situ RNA 
localization of Hphasi and miR2118 in anthers of WT plants exposed to heat stress preceding meiosis (n = 2 biological replicates). Scale bars, 50 μm. 
Black arrowheads indicate accumulation of sRNAs. e, Confocal images of NLS-dTomato reporter expression in anthers of HDZIV>>HC-Pro plants (n = 5 
biological replicates). Scale bars, 50 μm. ep, epidermis; en, endothecium; mid, mid-layer; tp, tapetum; mc, meiocyte. f, Immunodetection of HC-Pro in 
anther epidermis in control and HDZIV>>HC-Pro plants (n = 2 biological replicates). Scale bars, 50 μm; black arrowhead indicates accumulation of 
HC-Pro. g, Top: pollen viability in anthers from control and HDZIV6>>HC-Pro plants (n ≥ 30) grown under permissive (28 °C) and restrictive (35 °C) 
temperature conditions. Violin plots show distribution of data, with medians indicated by black boxes and means by asterisks. Differences between 
groups were determined by one-way analysis of variance (ANOVA), ***P <0.001. NS, not significant. Bottom: representative anthers following Alexander’s 
staining; scale bars, 100 μm.
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which are thus regularly exposed to spikes in temperature. Our  
analyses revealed retrotransposons to be highly mobile, primarily  
in the male germ cell lineage of MAGOKD plants (Fig. 2d and 
Supplementary Table 5).

Our data thus far indicate a role for MAGO proteins in protecting 
male germ cells from the deregulated activity of retrotransposons  

that occurs during heat stress. To understand how MAGO activity is 
regulated by heat stress, we first analysed our RNA-seq data. However, 
we did not observe significant changes in MAGO transcript levels 
in response to heat stress (Supplementary Fig. 10), indicating that 
their activity may be modulated post-translationally. Indeed, previ-
ous studies in maize and rice have identified other Argonaute-like 
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proteins that are phosphorylated in anthers26,27. We therefore per-
formed phosphoproteome analysis of pre-meiotic wild-type anthers 
and identified major changes in phosphorylation induced by 
short exposure to heat stress (Fig. 3a and Supplementary Table 6). 
Specifically, a region in the PIWI domain of MAGO proteins that 
contains four serines and one threonine residue was significantly 
hypophosphorylated in response to heat stress (Supplementary 
Fig. 11). To further understand the biological significance of these 
dynamic changes in MAGO phosphorylation, we modelled the 
structure of the conserved catalytic domain of MAGO2 and anal-
ysed the electrostatic potential of the molecular surface of different 
phosphorylation variants (Fig. 3b and Supplementary Video 1). We 
found that the residues targeted by phosphorylation are located at 
the surface of a loop following the PIWI domain (Supplementary 
Fig. 12). This finding is in line with the conserved presence of phos-
phorylated serine/threonine residues in the PIWI loops of other  
catalytically active plant and animal Argonautes (Supplementary 
Fig. 12b and Supplementary Table 7). These phosphorylated resi-
dues are in close proximity to both the central cleft and an L2 loop, 
which are considered important for the regulation of sRNA–target 
interactions28. Notably, we found that the hyperphosphorylation of 
S989–S998 does not cause significant changes in MAGO2 structure 
but is predicted to cause profound changes to the electrostatic surface 
potential of the upper central cleft region (Fig. 3b). To test whether 
these stress-induced changes could affect the affinity for sRNAs 
and/or enzymatic activity of MAGO2, we immunoprecipitated 
MAGO2 from anthers of plants exposed to a pulse of heat stress pre-
ceding meiosis and quantified the bound sRNAs. While we did not 
find significant differences in the association of MAGO2 with 21-nt 
Hphasi under control and heat-stress conditions (Fig. 3c), the abun-
dance of retrotransposon RNA targets associated with MAGO2 was 
significantly reduced after exposure to heat stress (Fig. 3d). Because 
of this, we reasoned that the changes in surface charge induced 
by MAGO2 hypophosphorylation could regulate the interaction 
between sRNA and target to sustain the rapid silencing of deregu-
lated retrotransposons in male germ cells. To test this hypothesis, 
we generated an in vivo reporter system to test the catalytic activity 
of wild-type MAGO2 and a series of phosphoresistant (S>A) and 
phosphomimetic (S>E) MAGO2 mutants (Supplementary Fig. 13). 
We also generated mutations in MAGO2 residues predicted to be 
essential for sRNA binding (Y676E) and sRNA-directed RNA cleav-
age (D835E) for inclusion in this experiment. We found that while 
sRNA binding was affected in MAGOY676E, it was not significantly 
affected in either MAGOS>A, MAGOS>E or MAGOD835E (Fig. 3e). 
Silencing activity was, however, abolished in MAGOY676E and sig-
nificantly reduced in only MAGOS>E (Fig. 3f). These data suggest 
that stress-mediated hypophosphorylation of MAGO2 is important 
for its effective interaction with retrotransposon RNA targets. This 
model is consistent with previous studies in humans, which have 
shown that hyperphosphorylation of the PIWI domain of AGO2 
(S824–S834) impairs RNA–target association while hypophosphor-
ylation expands the target repertoire29,30.

In sum, we have identified in maize two Argonaute-like 
proteins acting alongside a distinct group of sRNAs in a 
male-germline-specific manner. This pathway is remarkably similar 
to the sRNA-mediated recognition pathway found in mammalian 
male germ cells, which acts to silence retrotransposon activity31. 
Unlike in animals, however, transposon activity is more permis-
sive in plants. For instance, bursts of transposon mobility have 
helped shape plant genomes and alter transcriptional responses32. 
Furthermore, the insertion of retrotransposons in gene regulatory 
regions has resulted in marked effects on plant phenotypes—a 
property that was repeatedly exploited during the process of crop 
domestication33. Nevertheless, plants must regulate retrotrans-
poson activity because, as shown for genomic shock, deregulated 
retrotransposon activity often results in genomic and epigenomic 

instability and ultimately causes negative effects on offspring fit-
ness25. Our findings reveal an Argonaute-mediated pathway that 
protects plant male fertility by acting as a pre-meiotic surveillance 
mechanism activated in the somatic cells surrounding germ cell 
precursors. The biological significance of this molecular pathway 
operating under heat-stress conditions to restrict retrotransposon 
activity in developing male germ cells may be in prevention of the 
widespread transmission of unwanted or deleterious mutations in 
wind-pollinated plants such as grasses34–36. The manipulation of this 
molecular mechanism in crops will undoubtedly become a useful 
strategy in future efforts to enhance male fertility and sustain seed 
productivity under unpredictable and stressful climatic conditions.

Methods
Plant material and growth conditions. The maize cultivar A188 was used 
in all experiments. Plants were grown at 28/25 °C day/night in a 16/8 h light/
dark cycle under light intensity of 230 μE m–2 s–1. Seeds were germinated in pots 
(diameter 7.62 cm) containing peat-based soil, and grown for 3 weeks before 
transfer to 28-cm or 40-l pots to flowering. Plants grown under summer field 
conditions (Iowa, USA) were exposed to day/night-time temperature ranges of 
25–40/20–25 °C. Anthers were manually dissected at the V12 stage, and meiotic 
stage was determined by acetocarmine staining. For heat-stress experiments 
under controlled environment conditions, maize plants grown in 28-cm pots were 
transferred to growth chambers for 3 d (16 h light at 35 °C/8 h dark at 25 °C, light 
intensity 230 μE m–2 s–1, humidity 75%). Tobacco plants (Nicotiana benthamiana) 
were grown on M2 soil (Levington Advance) at 22 °C in a 16/8-h light/dark cycle 
under light intensity of 100 μE m–2 s–1.

Identification of transposon insertion mutants. To identify transposon 
insertion lines for Zm00001d007786 (GRMZM2G05903) and Zm00001d013063 
(GRMZM2G123063), we screened a Mutator insertion mutant population 
generated by Biogemma, an Ac/Ds mutant population37 and a UniformMu mutant 
population38. Insertion lines were confirmed by PCR (Supplementary Table 6) and 
back-crossed to A188 inbred for four generations before analysis.

Vector construction and generation of transgenic plants. We generated a 
MAGO1/2-RNAi vector by subcloning a portion corresponding to positions 2151–
2400 of Zm00001d007786 (GRMZM2G05903) and a fragment corresponding to 
positions 1001–1250 of Zm00001d013063 (GRMZM2G123063) into a pCsVMV
::intOsActin-intStLS1-terSbHSP vector using Golden Gate cloning.

To generate a chemically inducible HC-Pro construct, we synthetized a 
2,211-base pair (bp) fragment from the wheat streak mosaic virus containing 
Gateway Recombination flanking sequences (Invitrogen). The synthetic fragment 
was subcloned into a two-component, DEX-inducible expression binary vector 
named pZZ-TOP, which is derived from pTF101.1 and carries a LhG4:GR 
synthetic gene fusion and a bidirectional pOp6 promoter39. This vector enables the 
co-expression of a β-glucuronidase (GUS) reporter and HC-Pro after exposure to 
20 mM DEX.

To enable the epidermal expression of HC-Pro, we generated a 
pZmHDZIV6-LhG4 vector using MultiSite Gateway Recombination 
(Invitrogen). The native 3,164-bp promoter and the 945-bp native terminator 
of Zm00001d002234 (GRMZM2G001289) were cloned into pDONR221 P1–P4 
and pDONR221 P3–P2, respectively. The maize codon-optimized LhG4 was 
cloned into pDONR221 P4r–P3r. The resulting three entry vectors were then 
recombined into the binary vector pAL010, a derivative of pTF101.1 carrying a 
Gateway Recombination Cassette and a bidirectional pOp6 promoter enabling 
the co-expression of GUS and NLS-tdTomato reporters. All constructs were fully 
sequenced before transformation in maize using Agrobacterium tumefaciens strain 
LBA4404 (MAGO1/2-RNAi and pZmHDZIV6-LhG4) or EHA101 (HC-Pro).

To determine the in vivo activity of MAGO proteins, we generated a firefly 
luciferase silencing reporter system. First, we generated a construct containing 
a nopaline synthase (NOS) promoter (pNOS), a firefly luciferase fused to four 
miR2118 target sequences, a truncated green fluorescent protein (ΔGFP) and a 
NOS terminator (tNOS). This synthetic fragment was cloned in pBINPLUS using 
HindIII and BamHI restriction enzyme digestion. The miR2118 target region 
was designed to have optimal hybridization energies with the RNA target. The 
resulting construct was digested with SmaI and EcoRI to enable the insertion of a 
p35S::GUS:tNOS fragment derived from the pSLJ4J8 vector. We also generated a 
fragment containing the octopine synthase promoter, an artificial miRNA based 
on maize miR2118c (amiR2118) and a NOS terminator. This fragment was cloned 
into pBINPLUS using AscI restriction enzyme digestion. To simultaneously 
express MAGO and amiR2118, we generated codon-optimized MAGO1 and 
2 containing a FLAG tag at the carboxy-terminal end, which were cloned into 
pCsVMV::intOsActin-terSbHSP using SapI, resulting in the binary vectors 
pBIOS11743 and pBIOS11746, respectively. For the phosphorylation study, we 
generated codon-optimized MAGO2 phosphomimetic (S>E) and phosphoresistant 
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(S>A) forms containing a FLAG tag at the carboxy end, which were cloned 
into pCsVMV::intOsActin-terSbHSP using SapI, resulting in the binary vectors 
pBIOS11747 and pBIOS11748, respectively. MAGO2 mutants for sRNA 
binding (Y676E) and cleavage (D835E) were generated using a Q5 Site-Directed 
Mutagenesis Kit (NEB). Next, pOCS::amiR2118:tNOS was subcloned into 
pBIOS11743 and pBIOS11746 using AscI restriction enzyme digestion. Generated 
constructs were fully sequenced and transformed in N. benthamiana using  
A. tumefaciens GV3101.

To study in vivo localization of MAGO proteins, codon-optimized coding 
regions for each gene were subcloned in pGWB441 (ref. 40) to generate C-terminal 
EYFP protein fusion after Gateway Recombination (Invitrogen). All constructs 
generated in this study were fully sequenced and transformed in N. benthamiana 
using A. tumefaciens GV3101.

Antiserum preparation and immunopurification. Polyclonal antisera were 
raised in rabbit against synthetic peptides for MAGO1 (VETEHQQGKRSIYRI) or 
MAGO2 (CVAAREGPVEVRQLPK) (Eurogentec). To generate HC-Pro antisera, a 
partial DNA fragment was chemically synthesized (Integrated DNA Technology) 
and cloned in pET29a (Novagen, Merck). A soluble fraction of HC-Pro was 
isolated and purified by metal affinity chromatography and polyclonal antiserum 
was raised in rabbit (Eurogentec). All antisera were affinity purified using a 
Sulpholink coupling gel system (Pierce).

Sequencing data and statistics analyses. Analyses of sRNA sequencing data 
were carried out using previously described methods41. Sequences obtained 
from sRNA-seq were processed to remove adaptors and low-quality reads, 
with lengths of 15–34 nt. After exclusion of those matching structural RNAs 
(transfer RNA or ribosomal RNA loci), sRNA reads were mapped perfectly 
(with no mismatches) back to the maize B73 reference genome AGPv4 with 
Shortstack using Bowtie2 (ref. 42). Any read with >50 perfect matches (hits) to 
the genome was excluded from further analysis. Abundances of sRNAs in each 
library were normalized to transcripts per 10 million, based on the total count 
of genome-matched reads in that library and the differential sRNA expression 
determined (log2FC > 1, P < 0.001) using DEseq2 (ref. 43). For the analysis of 
RNA-seq data, reads were trimmed and mapped to maize B73 reference genome 
AGPv4 using TopHat2 (ref. 44), and differential expression of annotated genes 
and transposons (log2FC > 1; P < 0.001) was quantified using TEtranscripts45. 
For the NanoPARE sequencing data analysis (software code available at GitHub; 
https://github.com/Gregor-Mendel-Institute/NanoPARE), we used a defined 
analysis pipeline and EndCut to determine candidates for sRNA-mediated 
cleavage of retrotransposons46. FASTQ files were mapped to the AGPv4 reference 
genome and sequences were trimmed using Cutadapt47. Reads showing low 
sequence complexity (I < 0.15, where I is the low sequence complexity index) 
were eliminated and the remaining reads were realigned using STAR48. To 
detect sRNA-mediated cleavage sites, miRNA and phasiRNA sequences were 
selected and randomized 1,000× each. Target sites were defined based on the 
level of complementarity between sRNAs and transcripts computed using Allen 
scores derived from the position and frequency of the miRNA–target duplex 
mismatches49. For the predicted target sites we used the EndGraph output with 
EndCut_step1.sh, thus allowing the quantification of reads at target sites and 
within 20/50-nt regions. Neighbouring sites within 1 nt of the predicted cleavage 
sites were not considered so as not to penalize sites for sRNA isoforms with small 
offset target recognition sites. We calculated local enrichment of NanoPARE read 
5′-ends at cleavage sites by dividing nanoPARE read 5′ ends at cleavage +1 by the 
numbers of reads in adjacent transcript regions +1. Each of the predicted cleavage 
sites detected was also assigned an Allen score, and EndCut_step2.R was used to 
compute empirical aggregate distribution functions of fold changes (ECDFFC) and 
Allen scores (ECDFAS) for each randomized sRNA control set. These served as 
null models to assess whether the cleavage site fold changes observed differed from 
ECDFFC, and whether the observed site Allen scores were larger than ECDFAS. 
The final P values for each site were calculated by combining Fisher’s test P values 
with probability testing, and adjusted for multiple testing employing Benjamini–
Hochberg correction. We defined as significant cleavage sites only those with 
P < 0.05, FC > 1.0 and >1.0 reads per 10 million transcriptome-mapping reads.

Phosphoproteomic analysis. Protein from anthers was extracted by adding three 
times the volume of extraction buffer (50 mM HEPES, 150 mM NaCl, 1 mM EDTA, 
20 mM NaF, 1 mM Na2MoO4, 1% (v/v) SDS, 1 mM phenylmethyl sulfonyl fluoride, 
2 µM Calyculin A, 1 mM NaVO4, 1 mM DTT and Protease inhibitor cocktail 
(Roche)) to 0.5 g of tissue. After 30 min the samples were spun for 15 min at 4,000g 
(4 °C) to remove debris. The supernatant was transferred to a new tube, centrifuged 
for 30 min at 16,000g (4 °C), transferred to a new tube and treated using the FASP 
protocol50. Samples were loaded on Amicon Ultra 2-ml Centrifugal Filters with a 
cut-off of 3 kDa and diluted with 1 ml of 8 M urea until 1 ml of buffer had passed 
through the column. Reduction and alkylation of cysteine residues was carried out 
by adding a combination of 5 mM Tris (2-carboxyethyl) phosphine and 10 mM 
iodoacetamide for 30 min at room temperature in the dark, followed by six washes 
with 25 mM Hepes pH 7.5. Protein was digested with trypsin (Promega Trypsin 
Gold, mass spectrometry grade) overnight at 37 °C at an enzyme:substrate ratio of 

1:100 (w:w). After digestion, peptides were suspended in 80% acetonitrile (AcN) 
and 5% trifluoroacetic acid (TFA), and insoluble matter was spun down at 4,000g 
for 10 min. The supernatant was used for the enrichment of phosphopeptides 
as previously described, with minor modifications51. Peptide concentration was 
measured with a Qubit fluorometer (Invitrogen) and 1 μg of total peptides used 
for each sample. Titansphere TiO2 10-µm beads (GL Sciences) were equilibrated 
in a buffer containing 20 mg ml–1 2,5-dihydroxybenzoic acid (DHB), 80% AcN 
and 5% TFA in 10 µl of DHBeq per 1 mg beads for 10 min with gentle shaking at 
600 r.p.m. TiO2 beads were used in a peptide:beads ratio of 1:2 (w:w). TiO2 solution 
was added to each sample and incubated for 60 min at room temperature; this 
step was repeated once. The samples were then spun down at 3,000g for 2 min 
and resuspended in 100 µl of Wash buffer I (10% AcN, 5% TFA). The resuspended 
beads were added to self-made C8 columns comprising 200-µl pipette tips with 
2-mm Empore Octyl C8 (Supelco) discs. The columns were spun down at 2,600g 
for 2 min and washed with 100 µl of Wash buffer II (40% AcN, 5% TFA) and 
100 µl of Wash buffer III (40% AcN, 5% TFA). Peptides were eluted from the TiO2 
beads with 20 µl of 5% ammonium hydroxide and subsequently with 20 µl of 20% 
ammonium hydroxide in 25% AcN. Both eluates were pooled, the volume was 
reduced to 5 µl in a centrifugal evaporator (20–30 min) followed by acidification 
with 100 µl of buffer A (2% AcN, 1% TFA). Samples were desalted with a self-made 
C18 column (Empore Octadecyl C18). C18 columns were created in the same way 
as the C8 columns. Before addition of samples, the C18 columns were activated 
with 50 µl of methanol and washed with 50 µl each of AcN and buffer A* (2% AcN, 
0.1% TFA). Samples were loaded on the C18 column and spun at 2,000g for 7 min. 
The columns were washed with 50 µl each of ethyl acetate and buffer A* and then 
eluted consecutively with 20 µl each of 40% AcN and 60% AcN. Samples were then 
vacuum-dried and, before mass spectrometry (MS) analysis, resuspended in 50 µl 
of buffer A*.

Mass spectrometry data analysis. Label-free peptide relative quantification 
analysis was performed in Progenesis QI for Proteomics (Nonlinear Dynamics). 
To identify peptides, peak lists were created using Progenesis QI. The raw data 
were searched against the maize B73 RefGen_4 Working Gene set. Peptides 
were generated from tryptic digestion with up to two missed cleavages, 
carbamidomethylation of cysteines as fixed modifications and oxidation of 
methionine and phosphorylation of serine, threonine and tyrosine as variable 
modifications. Precursor mass tolerance was 5 ppm and product ions were 
searched at 0.8-Da tolerance. Scaffold (TM, v.4.4.5, Proteome Software) was used 
to validate tandem MS (MS/MS)-based peptide and protein identification. Peptide 
identifications were accepted if they could be established at >95.0% probability 
by the Scaffold Local false discovery rate (FDR) algorithm. Protein identifications 
were accepted if they could be established at >99.0% probability and contained at 
least one identified peptide. Proteins containing similar peptides and that could 
not be differentiated based on MS/MS analysis alone were grouped to satisfy 
the principles of parsimony. Student’s t-test for binary comparisons was used to 
identify proteins considered differentially phosphorylated between plants treated 
at 28 and 35 °C with –log1 P > 1.0 and >1.5-fold change in abundance. We set 
FDR < 0.05 to identify proteins with the highest level of significance. Differentially 
accumulated phosphopeptides are listed in Table 4.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
Sequence data (messenger RNA-seq, nanoPARE-seq, sRNA-seq and LTR-seq) that 
support the findings of this study have been deposited at the European Nucleotide 
Archive under accession code ERP118841. Mass spectrometry proteomics data 
have been deposited at the ProteomeXchange Consortium with the dataset 
identifier PXD013891.
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Life sciences study design
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Sample size Sample size was the largest possible to enable a robust statistical analysis

Data exclusions No data was excluded from the analysis

Replication All experiments included biological replicates. Details are indicated in figure legends

Randomization Samples were randomly collected

Blinding Data collection and analysis was blinded to the authors.
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Materials & experimental systems
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Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used anti-MAGO1 and anti0MAGO2 antisera were generated using a commercial supplier and immunopurified using specific peptides. 

Details are provided in methods section.

Validation Antisera was validated using custom peptides and experimentally with purified proteins.
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