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As a result of the differential expression analysis, Log2FC values were obtained for

all the analyzed genotypes. An evaluation was made on the number of genes retained

when different Log2FC thresholds (>0.5, 1, 1.5 and 2) were established (Supplementary
figure 4.1). The number of DEGs resulting from contrasting the tolerant and susceptible
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genotypes decreased when the Log2FC threshold stringency was increased, especially for

O. glumaepatul@ &1 O A£OOOEAO AT AT UOEOh CATAO xEOE A,
combination with an adjustedp-value < 0.05 were classified as DEGs. These values varied

from -7.9 to 8.7 for AZU, from7.3 to 7.4 for BGI, from7.4 to 11.2 for OG97, and fror6.4

to 8.3for OG131 (Figure4.2A). Tolerant genotypes showed a broader Log2FC range than

susceptible ones for both species
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To characterize the functional roles of identified DEGs in rice crops under -Al
exposure, a functional enrichmentanalysis was performed using the g:Profiler tool
(Supplementary Table 46). From this analysis, he unique and shared enriched functional
categories were identified for all genotypes studied (Figure 4.3). Functional enrichment
profiles were different between tolerant and susceptible genotypes, showing a higher
number of unique categories than shared.
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Interaction plots were gererated using the REVIGO tool based on the biological
processes (BP) associated with each genotypéhis application removes redundant GO
terms enabling the construction of clean and meaningful functional associations. For
cultivated rice, the functional aralyses revealed 19 BPs exclusively enriched for the AZU
genotype, classified into eight functional subclusters, four derived from differential up
regulated genes and four subclusters obtained from differential dowanegulated genes
(Figures 4.4AB). Remarkably, for BGI, unique categories derived from upgegulated genes
were not identified given that all categories were shared with the AZU genotype. In
contrast, 10 unique categories resulting from dowregulated genes were retrieved
(Figure 4.4C). After comparing the functional categories shared by. sativagenotypes,
seven BPs were retrieved, mainly associated with the photosynthetic process, and
associated with differentially down-regulated expressed geneéFigure 4.4D).Categories
derived from shared up-regulated genes were not obtained.
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In order to contrast the results with studies previously conducted on rice crops
under Al stress conditions, the DEGs identified in this current study were compared to a
list of 288 Al stress responsive gees, generated via massive RNA sequencing technology
(Arbelaez etal., 2017; Arenhart efal., 2014; Tyagi etl., 2020; Zhang Zhong, &tl., 2019).
A matchwas foundwith 95 of these previously reported genes: 52 for BGI, 62 for AZU, 23
for OG131, and 17 genefor OG97 (Supplementary tablel.7). After contrasting this gene
list with scientific literature, genes with an experimentally proven role in Al tolerance
were identified. Seven differentially expressed genes werefound in this study with
Log2FC values between 0.5 and 1.5, and three genes with Log2FC values > 1.5. Similarly,
six common differentially expressed genes in all evaluated rice genotypes had been
previously reported in other studies: 0s12g0108500 (OsFbox636), Os01g0406,
0s01g0609300 (OsPDR9), 0Os12g0614500, Os01g0919100 (OsFRDL4), Os03g0233900 (HB1)
(Table 4.4).



4AA1Ia8& O1T AOET T Al AEAOAAOAOEUAOGEIT 1T £ $%'
DSyS L5 {(ilIiDSyS 585a0ONALIs2Y DSy S hy@azatz20me 6 SR G SN
hdnodny 526 t! at OLMGR2DEY ISR Y&t / KIFI LISWERASF GSR LINRGISAY
NBaLR2yaArdS GNIF yANBIINB aGN2YIFYI LINRPGSAY F2fRA
hanmandg 526 { AYAL NI UK LS MY /' ND2K&@8RNIGS YSilozta
O2YLRYSyd 2F LXFavYl Y
I Os BAG @
hanp3nn 526 ' Df eOKBRRBE I 84S FLYAf& /I Nb2E&ftAO I OAR YSil o
0N} YOKSRWAT @AR (NI yal
I Os BAG R
hann3anc 526'{! .1 ¢l FlLYAf& LINROGSAY ! dzZEAY Kz2YSzaidlaras YE
hann3inc 52¢6'¢DSGF NBOSLII2NE GeLIS ¢NIyaYSYoONIyS (NFyaLR
FILYAf@ LINRGSAY GNFYyaYSYoNIyS (N} yaLR
hanodnm ! LI {AYAfl NBSIBSWRSANY Y2y 2:ib! 5t O0AYRAY3
hann3anuw ' LI {AYAl HRANRRAY I LINPGSA 9EGNY OSt fdzf NI NBIAZ2Y 2
hamn3inp 'L . SHBIELI YaAAY { SEdzl f NBLINRRdzOs 2y x ¢
hann3nc ! LI / dzZZAINBRZEAY R2YFAYy 02y 9f SOGNRY (NI} ya&LIOR2NILIRYK
2F LI +Favyl YSYoNlIySs ¢
hanm3anuw | LI | SI@genwvRBROA I SR R2YlI AaSGrf A2y GNIyalLR2NLZ
O2y il AyAy3 LINRPGSAY
hann3inc ! L3 {AYAfINI (G2 ImMnnpCnyodntKSyef LINBRRIAEFARSa O LI
hanmant | LJ aéo OGN} yaONRLBw2y Tl OG/Stt RAUSNBYyol o2yISGA
LINR GSAY 5b! O0AYRAYy3
hand3anp ! LJ /2yaSNWSR KeLlR2(iKSa Ol
hanminm ! LI {AYA{TRKNRiAYAY RSKERNR/&ili21AYAYy YSiro2tA0 L
RSKeRNR3ISYyl&asS I OagAaiie

cy



4AAiIg8 AT AO POAOGET 001 DIARA ""A’N‘EANSO’”"/SEAANEEAQ‘”“EEOHO ET OEAA A
ET OEA DPOALAADDHO OBIOADAOAT OEAOGAOG OAPOAOAI , 1 C¢ &I
A oA - ¢2ft SN} [ 23HC2f R/ K AT A A
DSyS vy Cdzy Os 2y YSOKKy LSSy 2 61 @ L wSTSNBYyY
| CNI yALRZNI&A GNAGHESYydLYyOtda 13 gunocys
EW;W'K 4GS0 27 Oyrt 1t RSde hDdbT omdpo - AF S bt
whatn 58|jdzSaiNIe2y 2F !t A 6mMbe O
“ wSalLkyarotsS F2N asSid - N L , _
ha![{MQI-Odzszé LyOfdza ! %] ondyHUO | dz y3 Sl
C2NXY | O2YLX SE GKI ; L% OMDTHDO
ha{¢!w GNF yALRNISNE 6KAOK A9EOf dzAa hDdgormPco 0 X | dzZt y3 Si
RSG2EAUOlIa2y 2F !t A OHdOoyYy D
C2ZNX) | O2YLX SE GKI i
ha{¢!w GNI yaLI2ZNISNE 6KAOK A9EOQfdza hDmom omdc | dzZl y3a Si
RSG2EAUOlFe2yY 2F 1§ A
I yRdZOSR OAGNIGS dGNI %! onodmO X
haCws5[ LXFaYlF YSYONIYS 2F NOEOfdzAa hDdpt O0TPHO ,212aK2 &
2T (GKS O2YLRySyita 2% 6c dHU
9ELINB&EASR Ay (GKS N2
hao-t! NR2(GStRSFl a2y odzii G 9EOfdza ! %! ondyovs / KS SiG ¢
GKAa 3ISyS G2 KAIAK !¢
haCw5[H A& AWPRUzZISR ;
haCcws5[ aSONBoaz2y 2F OAUGNI(GSI9EOQfdza ! %! 6m0X .212aKz2 &
G2t SNI yOS Ataft NBS I NWE
t N2 Y21 $R8zOS R AYONJSI-éQ:NJ_yéO
2wY, HH SELINBaaAzys ﬁmz@RK?I_oﬁgN‘hDMOM OMPPp [AZ HAMT
aSONBaz2y YR !t G2f¢ )
wS3dz | SBENBXSBAZ2Y 2F sxs hDMomM OmMOD | o o
| { wp GKFG O2tt SOa0St & (“)Eyi:_\l‘]o)gz(ﬁ‘éMGmeOZ !1/2;“’:‘?5“"”’
2F GKS OS¢t ¢ Yy NB&LR *6ndcco

c o



T8T1$EOAOOOET 1

Multiple stressors affect rice production, with Al identified as one of the most significant,
resulting in substantial yield losses when combined with acid soils. Among cereals, rice
has been reported to be one of the most Ablerant crops when compared with maiz,
sorghum, and whea{Famoso etal., 2010). To develop acomprehensive descriptionof the
molecular mechanism underlying Altolerance in rice, the transcriptome of two cultivated
and two wild rice genotypes with contrasting responses to Aéxposurewere explored.
The transcriptional data allowed cluster the samples according to experimatal
treatments (control and Al stress). Similarly, tolerant, and susceptible genotypes were
also grouped together, demonstrating the correspondence of the transcriptional data with
genotypic identity for both evaluated species.
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Among the reported DEGs for the evaluated genotypes, several genes previously
linked to Al responses, were identified. This is key evidence that reinforces the idea of a
common set of genes in rice synergistically acting in response to Klterestingly, the wild
genotypes showed a smaller fraction of genes shared with previous reports, suggesting a
divergence in the genetic machinery that is triggered upon Al stress induction between
wild and cultivated rice species. However, it is also @sible that during the orthologs
search betweenO. sativaand O. glumaepatulainformation from genes that have not been
well characterized in the wild rice had been lost, reducing the potential number of genes
from which to infer functional associations.
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The overexpression of theOsEXPALl@ene in response to Al tsess induction has
been previously reported in rice(Che etal., 2016). In fact, expression changes of this gene
were specifically and raidly induced by Al exposure OsEXPA1@s involved in root cell
elongation by mediating cell wall loosening, and thus affects Al binding. Additionally,
OsFRDL4nd OsFRDL2re two Alinduced citrate transporters belonging to the multidrug
and toxic compourd extrusion (MATE) family, located at the plasma membrane and at
cytosol vesicles(Jingguang etal., 2020). It is well known that organic acid secretion is a
mechanign associated with Altolerance, given that organic acids can chelate #lions,
forming non-toxic compounds that cannot enter root tip cells. Interestingly, both the
expression of OsFRDL2a citrate transporter, andOSEXPAl@nduction are rapidly and
specifically induced by Al. Irthis study they presented low Log2FC values and were only
differentially expressed for AZU and BGI genotypes. Nevertheless, previous studies have
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also reported the minor effects of these genes on Adlerance suggesting that they are
probably not present in wild genotypes(Che etal., 2016; Yokosho eal., 2011)

NRATland ALS1genes are related to the detoxification mechanisTNRAT1was
differentially expressed for all the genotypes with higher values in the AZU genotype
(Log2FC 2.6) than in the other varieties. In contrasALS1was differentially expressed
only in AZU (Log2FC 0.82NRAT1is a member of the Nramp gene family that transports
AlR*ions into the root cytoplasm(Xia etal., 2010) After the introduction of A3+ ions, the
transport process is mediated by the ABC transporter Adensitive 1 (OSALS}, which is a
half-size ABC transporter localized at the tonoplast. It is interesting to find a tolerance
mechanism involving the introduction of toxic substances intadhe cell, but it could be
considered a strategy to reduce the high levels of Al accumulation in the cell wall and their
detrimental effects. Similar toOsSTARBANd OsSTAR2xpression behavior,NRAT1was
differentially expressed in all genotypesALS1 however, was only expressed in AZU, a
tolerant genotype, suggesting that adapted genotypes are better able to cope with the
stress, triggering more specific mechanisms than susceptible genotypes.
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Functional characterization revealed the association of the core of genes identified
with oxidative stress responses. Such responses are due to an excess of Reactive Oxygen

Species (ROS), produced in the context of heavy metal (HM) stress that can disriat
redox status of cells, resulting in the oxidative stress of exposed cells, and leading to
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membrane dismantling, biological macromolecule deterioration, ion leakage, lipid
peroxidation and DNAstrand cleavagg Shahid etal., 2014) In addition, the up-regulation

of oxidative stressresponsive genes under Al exposure has been shown in several plant
species, including tegLi et al., 2017), maize(Maron etal., 2008)and rice (Tsutsui etal.,
2012). Another function related to the characterized central machinery is the Glutathione
metabolic process. Notably, whetthe functional enrichment analysiswasperformed, this
category was enriched for all genotypes, suggesting glutathione metabolism plays an
important role in the basal responsethat is proposed. Glutathione associated processes
have been determined as one of the central mechanisms that regulate ROS levels in plants,
but glutathione metabolism is also associated with the detoxification of the gtating
agent methylglyoxal, a toxic product of glycolysigFoyer & Noctor, 2011) Similar to ROS,
increased methylglyoxal accumulation is a common outcome in plantsxgosed to
environmental constraints such as salinity, drought, cold, and heavy metgBorion et al.,
2021). Within these functional categories two specific down-regulated genes
(Os10g052550@and Os09g036770pwere found in all the genotypes analyzedlt should

be noted that enriched categories are beingeported after 10 days of stress exposure and
therefore the down-regulation observed is related to a compensation process after several
days of stress conditions.

From these findings,it is proposed that there is a common machinery that
regulates Al stress responses in rice, and, furthermore, that there is an additional core of
specific genes and mechanisms that control Al stress responses in tolerant genotypes.
addition, 14 DEGs shared by tolerangenotypes but not differentially expressed in
susceptible oneswere reported. Previous work linked three of these genes to stress
responses. The most interesting of these is the 0s01g0249800 gene that is a cation
transporter under cadmium stress conditians (Chen etal., 2023) Subsequently, as a result
of the functional characterization of these 14 DEGseveral GO categoriesvere identified
suchasO4 OAT O AT AOAT A OOAT 6T 0O6h O- AOAT EITI
that have been previously reported as specific processes associated with stress signaling
in plants (Jingguang etal., 2020). As part of the mechanism that involves phytobrmone
signaling activation, ethylene regulation has been potentially implicated in plant
adaptation or tolerance to toxic metals(Asgher etal., 2014; Khan & Khan, 2014Recent
studies have show that tolerant genotypes activate genes that encode components of the
ethylene signaling pathway(Cao etal., 2014; Fu etl., 20L4; Guan etfal., 2015) Likewise,
Keunen and collaborators described a close relationship between ethylene and
glutathione metabolism during HM stress responsegKeunen etal., 2016). This group of
alternative core genes associated with specific responses observed only in the tolerant
genotypes are suggested as potential key factors involved in the intgpecific tolerance
mechanism in rice. The lack of information around these genesuld be indicative of novel



tolerance mechanisms that have yet to be studied, especially givehe focus on O.
glumaepatula a wild species that remains poorly studied.

#1 1 A1 OAET ¢ 2A1 AOEO

In this chapter, transcriptional responses of tolerant andsusceptible rice genotypesvere
analyzedafter 10 days of Al exposure. Based on the evidence gathered, a model to further
understand the distinct mechanisms triggered by Al exposure in rice varietiesvas
proposed (Figure 4.5). The model suggests that upon Al stress induction, susceptible
genotypes transcribe a greater number of DEGs, suggesting that the drastic physiological
changes olserved in susceptible genotypes is associated with a greater transcriptional
variation, indicative of they attempt to adapt to cope with Al conditions. Nevertheless, this
transcriptional response is not effective and susceptible genotypes exhibit detrimeat
phenotypes. In contrast, it is suggested that in tolerant genotypes a distinct response
occurs after prolonged exposure to Al that is mediated by a smaller set of genes conferring
the ability to adapt to the stress condition.This set of genes is dire¢y associated with
biological processes such as transmembrane and metal ion transport, plant hormone
signaling, and secondary metabolisrassociated genes. Some of these molecules have not
been previously characterized and could be considered novel regulatdirectly linked
with Al tolerance responses, and promising candidates for the generation of
agronomically improved rice varieties.

A group of 28 genes that were differentially expressed in all genotypewere
described, putting them forward as core compnents in the functional response of rice
cultivars to Al stress conditions, regardless of their tolerance levels. These genes are
involved in glutathione metabolism, plant hormone signaling and oxidative responses,
underscoring the relevance of these progsses in the generation of specific Ablerance
mechanisms. In addition, it is worth noting the significant transcriptional induction of
NRAT1land FRDLA4genes in all genotypes. These two genes participate in exclusion and
detoxification mechanisms respedtely, suggesting that both tolerance mechanisms for
Al detoxification are active in the analyzed genotypedhis is of particular interest in the
case of wild genotypes that have not been previously studied, as possible tolerance
mechanisms operating in vild rice to Al stress can now be highlighted.
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methylation responses also exisilSupporting this notion, a group of genes that were both

differentially methylated and expressed (DM&EGs)were identified, predominantly

associated with stress-responsive functions. This suggests the presence of epigenetic

regulation of these genes in response to Al exposure. Moreover, a set of DDIEGS unique

to Al-tolerant genotypeswere discovered, which are functionally related to previously

known stress pathways such as phosphatase activity and potassium transporters. These

genes have received limited attention in previous studies, suggesting their potential

involvement in epigenetically regulated high levels of Al tolerancéhis study represents

the first exploration of epigenetic regulation under Al stress conditions in rice, providing

fundamental knowledge towards understanding the diverse regulatory factors

influencing Al tolerance. Further research is warranted to investigate the precise

mechanisns underlying the epigenetic control of Al tolerance and the potential

application of these findings in improving crop resilience to Al stress.
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AEE£ZAOAT OEACEARAT OARIOCABARADART RDA OACEIT O xAO Al

9p8c8HAAEET A , AAOTETC -1 AAIETC

47 AOOAOO OEA OOCAAEBITAOO T A&# 1 AGEUI AGEI T EI
AEEEAOAT O T AAEET A 1 AAOT ET C ADPPOI AAEAO xAOA Ag
AOT OET A0 ET xETAI xO 1T £ pnn EA AAiTi1cCceEiCc O O

CAT1 OUPA xAOA AOAI OAOCAA AO AAAOOOAO A O | AAEE
DAAEAEQAODOJ T 1 OFEAA DASORAFAI ATONE 7 1 ARDARADOIECARADEEC] | &AA
¢ngcg8 30AOANOAT 01 uUh OEA PAOA OF AT AA 1T £ AEEEAC
OOET ¢ OEA , AUUGOABRBADT PAREAICACHMAAAARDDART AU U BC

&AAOOAOU c¢m¢gcq8 %@biyl AA-CAESpIABRITEAEEGIC EADEAAOA

OOAETET ¢ OEA 11T AAT AT A AT T OEAD 4TERAAORA £AOEAEAT &
AAOAOI ET ABET T 2¢ AT A OEA O 1 0 OMA OGIA AABAIN OOALD
DAOA&EI OI ATAA T £ OEA 11T AAIT 08 -3% xAO OOAA A& O E
x AOA PAAICOEI O AAEOAT OAO CAT AOAT 1 ETAAO OOAT AO A/
AgbAOEI AT OAT AAOA8 4EA OAOOI GEIEC ORAOBIT T 1T AAT I

Ox Al OA AEOI T 1T O01T A0 1T &£ T1TA OAOEAOGU xAO OOAA
OAAT I AET AGETT OAOAOG ET AAAE 1T &£ OEA OxAl OA AE¢
AT AT UOGAOG AT A OEA DPOAOGETI 6O T1TAOG xAOA 061 ET oU

»802A00I OG OAICOOE T 1
)T OEEO OOOAUh OEA AT OOAI AOGEITT AAOxAAT OAATIT A
AT 01 00 A& O Ail AEOiIiTOIi A0 ET Oxi OEAA AOI OEC

M p


https://shap.readthedocs.io/en/latest/index.html
https://pypi.org/project/lazypredict/

AT OOA1T AGET T OA1 OAO AOAR 11 AOADAGANE MIVSOEA QF AG
EECEAO OAlI 6AO ET OEA AAT OOT 1 AOA OAGEI T8 3EIEI
AU 9A% cAP nAYAHAAI ET ¢ OEAO $.! [ AOEUI ACEAT DAOO!
AU OEA s$.! OANOAT AA AT A OEA jAAIRRDABDEAA AET Al
AOOENEAEAI AEOI i AOET 11 AENEAAOEIT AAT OAOU OE/
EECE 1T AOGAT O T £ | AOEUI ACETT ET EAOAOT AEDI | AOET
DT OOAA AODAOCAAOIT hT xEAOA | AET OEA OAAT I AET AOGEIT 1
OAAT | AEGMOET OACET T O AOI OT A AAT 60T i AOAO AOA T E
AAT 60T i AOA AOT AGE(AA SN GARE 1¢Qr Al LABENT 8GAETGT B Q

Chromosome 1

— ReametC [ 5

e e

§

g
Methylated cytosines by 100kb

Recombination rate (cM/100kb)
°
g

00

] )

~—— IR64metC [ 2000
— AzUmetC | £

=3
=
1500 5,
a2
Py
c

Recombination rate (cM/100kb)

%
&

CG context

E) ©

—— R64metC
—— AZUmetC | 600

Ll

2 "
AN
Ronsy o

g 8

Recombination rate (cM/100kb)
-3
8

Methylated cytosines by 100kb

]

) )

3

—— R64metC
— AZUmetC

{

CHH context

E ©

g

Recombination rate (cM/100kb)

Methylated cytosines by 100kb

= 8 & 8 8

0 10 2
Chromosome length (Mb)

- COoPRAAAT I AET ACETT AT A 1T AOEUI AOGAA AUOI OET AO OEOI O¢
AT A ' UOAAT A8 4EA AAT OOI 1 AOA EO OADPOAOAT OAA A
Ooi i AOA OAcEIT AU Oi 1l EA OAA 1ETAOS

O~ o

MnacC



All Contexts CG Context CHG Context CHH Context

Chromosome | IR64 | Azucena | IR64 | Azucena | IR64 | Azucena | IR64 | Azucena

1

2

3

4

5

6

7

8

9

10

11

12
CSECQ®HK T OOAT AOET 1 O AAOxAAT OAAT I AET AOETT OAOAO AT A
OEAA OAOEAQOEAO )2¢t1 AT A 1 UOAAT A8 "1 OA AT A OAA A
AT OOAI ACET T 08 OBRDPREOEDA OEA AT OOAI AOGETT OAI OAh Ol
"U AOAI OAOET ¢ OEA #' AT A #(' 1 AOEUI AOEIT A

OAAT I AET AGET 1T OAOAO xEOE ET AOAAOCEI C i1 AOEUI AOA
i AOEUI AOAG RIUOCOBETA(( AT T OA@O ETAOAAOA xEOE C
i RECOOA ¢80Q8 4EA 1 bDI O
Al TOA@OO T &£ #' AT A #(( EAO; AAPpic QEGADEGBADERE AL
|

OAT AABMOWA® EUDAOI AOGEUI AGETT ET #' AT1O0A@Oh AO

A4EA DT OEOEOA AT OOA1I AGETT AAOxAAT 1 AOEUI AOA
OAOAO 1T AOAOOAA ET OEA AiT1OCA@O T # #(( EO 1160
AOOAOOAA OT CAOEAO AAAAOOA OEA O1 OA1 1 0i AAO 1 A

AT 1T OAMDOECEAO8 4EEO OOAT A EO 1T AOAOOAA &I O AT
OEA 1 AOEUI AOEiIT AAOA AT A OEA AT ECITI C | AAC
DT OEOEOA OA1I AOEI T OEED AAOxAAT OEA

OAOCAOAEAO OADPT OOA R AAU EREIAGKIDOKES E OAA OEA
i AOEUI AOETT AO A EAAOOOA T &# A TETAAO i1 AAT Ol
xEAO OT 1T A 1 AOEUI AOAA AUOi OET AO HIIAWEHRTAOEE A 8# (

( T AOEUI .
I

6 AOEAAEI EOU ET $.! 1 AOEUI AGEIT AAT AA EAOE(
PEATT OUPEA OAOEAOEITT AT A OADPEA OAODPIT OA O Al
ET OOAOPAAEAO APEGCATT I EA AEOAOOEOQOARAH E AA Al OAF QOEC

i, ATAEATT Q 8EPDOBAD AAA K QOEDI AOEAT OBAOI A( AAI
Oi AOOEO GESUAA AHAQ ARG AOxGET AT AET ¢ OOAT OPIT OT 10
j : AEOUAAXICERES AOp DT OAT BE DEBGAKIMA AEOI AT AUR xEOE EI

MAOT



Recombination rate {cM/100kb)

Recombination rate {cM/100kb)

Recombination rate {cM/100kb)

Recombination rate (cM/100kb)

rate (cM/100kb)

ecombination

R

rate (cM100kb)

Recombination

___Chromosome 1

Chromosome 2

— Re4merc

Pl

\es by 100kb

Methylated cytosins

X '\f\*uume«
N\ A A
A

\’{fﬂ/\v

W W ‘f

— meametc |00

osines by 100kb

Methylated cyts

E I3
Chromosome length (Mb)

Chromosome 5

5
Chromosome length (Mb)

Chromosome 7

=
Chromosome length (Mo)

Chromosome 6

— Rédmetc
— Agumetc
4 Y/

| ; W MWW

N T;‘mé

w"w

® »
Chromosome length (Mb)

Chromosome 8

/J“ rwfl

i g
osines by 100k

Methylated cytt

© 8 & €

]

S B 8
Methylated cytosines by 100kb

B
Chromosome length (Mb)

Chromosome 10

~ Pecombination

Chr 11

— Recombination

AN

| \;

"N\ ( \\\ u\

Methylated cytosines by 100kb

S & & 8 8 % %

M”J\”

B3 iy
Chromosome fength (Mb)

Chromosome 12

— Recombination |
\

= [

L )
Methylated cytosines by 100kb

MAYy




4 EAOCT ACHTATAKOEA OEBRA AT 11 OAOETT AAOA 1T &£ CAT
OAOOT OOAT OPI OI T O & O AAAE OAOEAOUR OEI xO OEAO

xET AT x MOAAORAOOxEOE OAAT I AET AOGETT OAOAO ET OEA
i &RECOOAO ¢81 AT A ¢8uQgs8 4EEO bPlI OEOEOA OBAT A EA
OEAITREAUMAOOh NET AEAOh 11T EAUNIT xAOOh AT A Al COF

1T AANGRAMO OEA DPOT I T OAO + ARAIERIOA gEx IAOAODAA EI

AOCAEOI i AOCEA OARACEAROAN &h d QEWVAGT 1 OOAOOh A TACAOD
AAOxAAT OEA 1061 AAO 1T &£ OOAT OPT 01106 AT A OAOOIT 00/
OAAT I AET AGET T OAOGAO AAOT OO Ail AEOI I T O1T i1 AO A
AU OEA AAOT AAT AA 1 EAADADT RADRAXEGAORADLAADEAET A
11T x8 3EIEIAO OAOOI OO EAOANABET GEGOOCAOAAA4B8BAC

CATTI A EO TOCATEUAA AlT1c¢c OAATIT AET AOETT Al COA
OAAT I AET ACETT xEOE OOAT OBl OAAT A Al AT AT 6O AT A
2AAT T AET ACGET T OAT A0 O1 1TAAOO xEOEET AT A TA
Al AT A1 668 4EEO i AU OAni AAO OEA PAOOEOAZ AEEAAO
OBT+ATA SAMBcapAAAT O Al All AAA E UABEGE 1T £ OAAT I AET A
OAT A O1 OET x 1TACAOEOA AT OOAT AGET 1O xEOE 11 AAI
000iT 1 ¢ OAATT AET AGETT OOPPOAOOGETT ATA A I Og ,
OOO0AT ZEAI I'C DE®AC C h OEF C

AAOxAAT EADI T EAA 408 AN BAhBE Ak dQABT ©BD AET O O1 AAO
OEA AEOAAOEI T AT EOU 1T £ AAODOA AT A AEEAAOKR OEA
AOOT AEAOET T O 1 &£ AI@BA@D@HDA%H&O%H%IAHOO xEQOE
DAOOAOT O AEAEEAO AilTi1C ODAAEMOAWWAN@MD@Q(UE OA

Chromosome 1

5 & 3
Functional elements by 100kb

Recombination rate (cM/100kb)

°

—— AZUCENA genes
AZUCENA transposons
AZUCENA retrotransposons

v TN

-] ]
Functional elements by 100kb

\/(«
V\J\N

20
Chromosome length (Mb)

Recombination rate (cM/100kb)
>

&EC@dR AT AOh OOAT OPT 0T 1 O6h AT A OAOOI OOAT ODPT O1T1T O AI
OEOTI OGE AEOI T TO1TiI A p A O OEAA OAOEAOEAO )2¢1 AT A
OAA AT OOAA TETA AT A OEBACENI OBRT AAAAIE PERABET OOAUA

M N o



Complete chromosome Chromosome arms Centromere region

Genes Transp 1s | Retrotransp Genes Transposons | Retrotransposons Genes Transp Retrotr p
Chromosome | IR64 | Azucena | IR64 | Azucena | IR64 | Azucena | IR64 | Azucena | IR64 | Azucena | IR64 | Azucena | IR64 | Azucena | IR64 | Azucena | IR64 | Azucena
1 0.61 0.49 0.12 | -0.34 I -0.24 0.25 0.13 0.06 0.10 0.18 0.00 0.63 0.52 0.45 |
2 " 070 | 013 005 03 047 054 029 0.27 0.02 0.04 052 029 049
3 069  0.14 0.24 0.41 0.39 0.22 0.16 -0.04 0.07 0.03 0.42
4 0.10 -0.27
5 -0.29
6 0.24 }0405 -016 001
7 0.09 -0.03
8 0.03
9 0.18
10 0.16
1 0.10
12 -0.24

SECQ@®&8k|T OOAT AGET 1 O AAOxAAT OAAT I AET AGETI T OAOGAO AT A
AT A OAOOI OOAT OPT OT 1 O OAOGAO A O AOBMAA GA 08 AGE AAG O CRAWKD
Ol Dbi OEOEOA AT A TACAOEOA Ai OOAI AGEI 1 Oh OAOPAAOEOAI
OEA AT11T0 EIT OA1 OEOuUS

4EA AT OT O T £ | AOEBDAADADAAUREOEEROCAT AOh O«
OAOOT OOAT OPT OTT O AT A Al | psvuGEAAMA AJTAT GREBDA A ITAOE
i AOGEUI AGAA AUOiI 6OET A AT 610 ET CAT Adbh OO0OAT OPI O
Al OOAT AGAA xEOE OAAT I AET AOETAII | OAMGABABBED®T OA GA

ETAEAAOAOC OEAOERRORURAOEDEAO EO EECEAO xEAT 0O/

—

OAT A TACAOEOA OOAT A EO 1T AOGAOOBAA xEAT 1 AOEUI AO
Al 1T OA@O08 - AOEUI AOCET 10ARMAIT @A TED b IODIATT @ PA @A T A0 @Al
DOAOGAT OETT 1T &£ OEAEO AGPOAOGOEITT AT A 11 06AT AT O EI

Of OEA 1T OCATEOI Al EI ABAROAAT AADBOBKG® xAQET O1 A A
TTOAA OEAO OEAOA 1 AOEUI AGET 1T AOGAT OG EARAAIT OI

ABl shdh¢c ®p ©®©AT OEAT 1T U ERADEOAT DOADOOEA A AGRAWAU C
i AOEUI AOET 1T OOOAI T U T AADOO AO OEA DPOTIiI 1 O0AOO 1

ET EEAEOQOET ¢ GEAEMOAR@DAODLEHDOAOR OEA 1 AOEUI AOCAA

#(( AT 1T O0AO AOA A1 O DI OEOEOAI U Al OOAI AGAA >

AT TOANOGATAA T &£ 11 x #(( 1T AOGEUI AGETT TAAO OEA A,
OEA AEOIT I 1 OAIRRG AN ON TP sANZ OMIT AT s8RAOOAD] OPAA EECE # |
i AOEUI ACETT 1 AOGAT O 1T &£ OOAT 0BT OAAT A Al AT AT OO 1
ATTABOETT 1 £j-A0CHI8 A& dd BQAOO Ob AAEAO OEAO 111
Al T OA O1 OOAT OPT OAAT A Al AT AT 606 OAT A O EAOA
EUDI OEAOEUAA OEAO OEA DPOAOGAT AA T &£ OEAOGA #(( E
AAOxAAT 1 AOGEUI AQET TEIRDEABCADRCEET ABEI]
#EOI T 1T O01TT Al OACEITTO Ai1TOA OI OEA$AAT OOT I A
i AOGEUT AGET 18 7EAT 111U OEA AEOITTO1TT A AOi O AO

MM



AOI I AAET C EECE 1 ACAOEOA O AAEAQEAAQ®CAIOK OLhO KA
#' AT A #(' Ai1OA@OO AOAI OAGAA ET AAPAT AAT O1 U |
i AOEAAT U PI OEGEOA A1 OOAT AGET 1T Al 01 AAAOGAAOGAOG 1
OACET 1O AOA AOAI OAGAAR 1T ACAOBEOATATORMAG A OEEHATO (
AOAT OAOAA OI CAOEAO ATA A O #' AT A #(' AilOA¢
ACOAAT AT 6 xEOE OEA OADPI OOAA Ei bl OOATAA T £ $.
xEQOE OEA OAOOI 00 1 AOARLALAT ABT ABADOROOKRAB OERA
AOANOAT AU T &£ 1 AET OGEA OAAT I AET AGETIT EIT OEA AR
OAcOi AGAA AU OEA APECAT AOGEA OOAOGA T &£ OGEA AEOQI
Al 1T OA@OOh OEA AT OOAI AGETT 1T &£ OEA AAT 60T 1 AOA O
xET T A AEOTITTOTI A § &ECOOA ¢8¢Qs8

—

All Contexts CG Context
Complete Chromosome | Chromosome arms | Centromere region | Complete Chromosome | Chromosome arms | Centromere region
Chromosome Azucena IR64 | Azucena IR64 Azucena Azucena Azucena Azucena
1 0.26 0.25 -0.22
2 0.22 0.21
3 0.25 0.22
4 -0.23 -0.22
5 0.09 0.07
6 0.22 0.16
7 0.39 0.46
8 -0.25 -0.31
]
10
11
12
CHG Context CHH Context
lete Chrom yme arms | Centromere region | Complete Chromosome | Chromosome arms | Centromere region
Chromosome Azucena Azucena Azucena IR64 Azucena IR64 | Azucena IR64 | Azucena
1 0.62 0.66 0.25
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i It is necessaryto conduct follow-up studies to assess the stability of the
reported epigenetic changes across generations. Epigenetic marks have the
potential to become heritable, affecting genotypes and infencing phenotypic
responses. Evaluating the transgenerational stability of these epigenetic
changes will provide insights into their longterm implications.

T . O AOARBDE OB MOET AT OO AT OI A AA AT TA O A«
xETTA 1 AISAOAADMOEUE AGET T AEEAABODAEOAET COA
OENHAROAOCETT T £ AEAMAOAN OOEBROAOCEFEITTO 1A Pl
OAODPI T OAO O OOOAOORMATTA QOOAAMNDGST O OAAT OA

T 1 O ADRDOTI CPDAOOPAAOEOA xEOE Al 11AGRO @A AL/
AAEOET ¢ 11T CATAO xEOE bi OAT OEAI OAODPIT OA
OF1T A ET Ol AOAT AAh & O AgAiI pi Ah OEOI OCE ¢
OAOCEAOBAOCE RADEKLAT AOCGEA | AOEO O1 AOAI OAGA O
ABOAOOEDA OBAETI OEOA CAT AOS

)n summary, future research should focus on expanding the scope of varieties studied,
characterizing new genes, investigating the direct effects of epigenetic marks, and
assessing the stability of epigenetic changes acroggenerations. Theseefforts will
contribute to a deeper understanding of the complex interplay between genetics and
epigenetics in plant responses toAl stress and pave the way for improved breeding
strategies and cropimprovement.
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