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Abstract

Arbuscular mycorrhizal (AM) fungus can colonize root cortical cells to builenalosymbiotic
relationship with almost all land plants. This means AM fungus possesses a broad compatibility
to adapt to different plant species. At the heart of this synshi®s$ihe formation of arbuscule
However, the molecular mechanisms underlyingathiéty of the AM fungus to adapt to a broad
host range have not beesmll elucidatedWe hypothesized that AM effectors play a role in the
formation and development of arbuscules to facilitate the achievement of highly efficient
compatibility. Also we pedicted that arbusculepecific AM effectors might be able to

translocate into plant cells to suppress host defense respbogest this, we studied the role of
three putative effector genes of AM fungi. These geneRar€167520, RirT26609and
RirT065700 To study whether these effectors suppress plant defense widiasgdna
benthamiandeaves as a system to monitor defense responses. Firstly we tested whether the
selected effectors are well expresselimenthamiangeave cells. Thereforepnstructs of

effector fused to GFP were made and these constructs were infiltraté bgathamiana

leaves. RirT167520 localized the nucleolus and nucleoplasmyRI66090 tahe cytoplasm

and possibly ncleus as well, and RirT065700ttwe cytoplas and nucleus. These localizations
suggest that these effectors might be translocated into the plant cells and might have their
functions in these sites. However, this cannot prove effector translocation since these proteins
expressed inside the plant salithout signal peptide. Next we designed defense response
assays using flg22 as a trigger for defense responses. The reactive oxygen species (ROS)
evaluation as well as qPCR applied on this study failed to detect the occurrence of defense
responses. Theallosedeposition assay provoked defensgpomsedut less than our

expectations. This suggests that the length of treatment time as well as the concentration of flg22
used for our assays were not sufficient to detect defense responses. The assegd &tilbe

further optimized before the effect of AM effectors can be tested. To study whether AM fungi
use effectors in a plaispecies specific manner, it was necessary to know whether effectors are
expressed in a plant species specific manner. Sindghizephagusgregularis

DAOM197198wur straitWUR strain)we used was cultivated for a long time on a chicory root
culture, we tested whether there would be a difference in compatibility between our strain and a
Rhizophagusgregularis BEG21 strainUtrecht strain) The results show that the fresh weight of
Medicago truncatulandN. benthamiananoculated with théJtrechtstrainwas much lower

than the ones inoculated with the WUR strain, although the mycorrhization level with the
Utrechtstrain washigher. This might be due to some contaminants within the sand mixture
containing theJtrecht strain Alternatively,the Utrecht strain fungian obtain much more
photosynthates from plants compared to the WUR strain fungi.
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Introduction

Arbuscular mycahizal (AM) fungi which belongo the Glomeromycota order posséss

ability to colonize root cortical cells to build an endosymbiotic relationship wib0Po of land
plants[1]. The fungi supplymineralnutrients to the host planis exchange for photosynthates,

and provide protection for hosts against pathogens and environmentalZtBsAfter spore
germination, some fungal branched hyphae adbessoot of host, angenetrate the cell walls of
cortical cells. Ultimately, fungi colonize the root and in the inner root cortical chitghéy

branched structure is formechlled amrbusculewhich serves as an interface futritional
exchangdFigurel) [1]. The formation ofarbuscule ishe heart of the endosymbioditowever,

the molecular mechanisms underlying the ability of the AM fungus to adapt to a broad host range
and the formation of these arbuscules have not been elucidated. This is in part due to the fact that
there was no available AM fungus genome sequdReeently, the genome sequences of two
Rhizophagus irregulari®AOM197198ssolates have been publishigk] 5]. This is the first AM

fungus genme that has been revealed. emome sequensean thus provide a way of
understanding the molecular mechanisms of how a single AM fungustcaeellulaty colonize

such awide variety of plant species.
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Figure 1. The formation of Arbuscular Mycorrhiza. Strigolactones released by plant roots are detected
by AM fungi, resulting in hyphal branching. Afterwards, fungi start secreting Myc factors which in turn
are detected by the plant and induce a symbiotic signaling pathway. The hyphae penetrate the roots
forming the hyphopodium which allows the fungi start to spread in the inner cortical cells. A
pre-penetration apparatus which is important for infection is formed prior to colonization. Eventually,
fungi colonize the roots and in the inner root cortical cells an arbuscule with a highly branched structure
is formed [1].

Myc factors produced by AM fungi af@po)chitooligosacharides (LCOs) thattivate a

symbiotic signaling pathway. This pathway is requireddot colonization as well as arbuscule
formation[6-8]. A recent paper has reported that, SP7, as the first identified AM effector, also
plays a role in endosymbiosis. This AM effector was shown to able to translocate into the
nucleus of the host cells wheteriteracts with pathogenesiglated transcriptional factor ERF19
to suppress host defense respd@geThis gives us an indication that not only myc factors, but
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also AM effectors play a rol@ AM endosymbiosisSecreted effectors have been found in
pathogenic fungi/oomycetes. Thaesmalso have an intracellular lifestyle in host celleese
effectorsin pathogenic fungi/oomycetegere found to facilitate plant invasiday modifying the
structure and function of host cellsky suppressing host defensechanism[{10-12].
Therefore,it is hypothesized that AM effectors play a rolghe formation and development of
arbusculeso facilitatethe achievement dfighly efficient compatibility(Figure2).

LCO detection

Common SYM pathway

g& Transcnpllonal Change
o

ﬂ effector secretion

Figure 2: A proposed AM effectors scheme that takes place in the formation and development of
arbuscules in host plant cells [13].

With the recent reveal of first genome sequence of an AM fuljusegularis
DAOM197198wur[ 5], it allowed us to identify putativeecreted effectord he selection of
secreted proteins wémsed on the existence of a signal peptide and absence of mitochondrial
signals and transmembrane domdbjsMoreover,by comparing RNA abundance in arbuscules
with extraradical hyphae/ sporexffectors that show strong-upgulationin arbusculesvere
consideed as putative effectors.

AM fungi penetrate the rootspreadn between the cortical cells and eventually colonize inner
cortical cellslt seems that intracellular growth of AM fungi is allowed by host plants, and AM
fungi do nottrigger host immune responses sieteewise the intracellar growth would be
constrainedNevertheless, the hosts must exe@ut®ntrol against theycorrhization in roots as
arbuscule formation is confined to the inner cortadls[14]. It has been reported that AM
fungi can activate some metabolic pathways involved in immune resportsests however,

their influence is not inteng&5]. Till now, the reason for thiweakactivation of immune
responses istill unclear.Severaimechanismsesponsible for the weak defense respohses
been proposed in last tgrars.During symbiotic interactions, symbiosassociated plant
proteinsmight be influenced by a fungal elicit(such as LCOsp suppress the pression of
defenserelated genefl5]. Another possibility could be thaymbiosisassociated fungal
proteinsactsas suppessors during defense reactiph6]. In our studywe hypothesize that AM
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fungi secrete effectors that are able to translocate into the host plant cells argbppressors
to suppreshost defense responses (FigRje

Significance of study

AM fungi facilitate uptake of phosphoroas well as nitrogefrom the soil into plantsThe

result of these supplies is improved growth and productivity in host pgritsey also protect

host plants from pathogens and environmental stress. Additionally, AM fungi are beneficial to
ecosystenby improvingsoil quality and carbon cyc[@]. Therefore, understandirige

molecular mechanisms of how AM fungi associate with plants to build a mutualistic relationship
may help taoptimize myorrhization thus, facilitatingcropsto obtain maximabenefitin a more
sustainable manner.

Research hypothesis
AM effectors play a role in the formation and development of arbuscules.
In this research we aim to answer the following questions:

1 Do arbusculespecific effectors suppress plant defense respossei plant cells?
1 Do AM fungi use effectors in a plaspecies specific manner?

To answer these we:

1T Selected thspeciifrboasefuf est or s

1 Tested the subcellular localizationNh benthamiandeave cells

1 Designed defence response assays usidgenthamiandeaves

1 Studied whether effectors are expressed in a plant species specific way

Approach
Selectiorof arbusculesspecificeffectors

To study the role of AM effectors in arbuscébemation, first of all, effectors need to be
selected that are specifically (or enriched) expressed in arbustCuézsfore, ltis selection will
be based on RNAequenceeads that have been mapped to putative effector genes of
R.irregularis DAO197198wur strain. By comparing RNA abundance in arbuscules with
extraradical hyphae/ spotredffectors that show strong-wpgulationin arbuscules.

Tests orthe subcellular localization in N. benthamiana leave cells

To test whether the selected effectors are well expresseddelheffector genes fused to GFP
will be expressed ilN. benthamiandeaves Fluoresence signal could be detected using
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confoal microscopelf they were well expressethey can be used in the defense assay as well
asstudies orpotential subcellular localization which may indicatgutative translocatioto
plant cells.

Design ofdefence response assays using N. benthamiana leaves

To study whether these effectors cosilgppress hostefeng responsean efficientdefens
response assay should be developgdPs, like flg22 peptide and chitin, will be infiltrated
into N. benthamiandeaves Several defense response assays will be used as follows.

The first assay is RO@eactive oxygen speciegyaluation. ROS, an indication of plant immune
responseg;anbe rapidly produced in responsestoesq17]. The second one is gPCR analysis
to monitor a deferesresponse on a genetic lev@me Pattertriggered immunity (PTI) marker
geneswould be selected in this assdyhe third one is callose depositiomhich is gplant

immune responsand is thought to play a role in penetration resistaftegexposurgo
pathogenil8, 19]. The callose depositan ke visualizd byaniline blue staining

Studieson whether effectors are expressed in a plant speciesispeaif

To test whether effectors are expressed in a plantespgpecific waythe WURSstrain was used
on different plant species. Since this strain was cultivated for a long time on a cbimiory
culture, we o wanted to test whether thaveuld be a difference in compatity between this
WUR strainandthe Utrechtstrain



Materials and Methods

Cloning of effector genes

Putative effector genasapped tarbusculespecific or stronglyipregulated RNA reads (data
from [20] & professor Krajinski) were chosen for atudy 40 putative effectogenes have
been revealed.ftector geneRirT167520, RirT266098ndRirT065700from these 40
candidatesvere selecteth our studySomeRNA/seginformationof these Jffectorswas
showed in Appendix 3.

Previous experiments showttht if constructs includingignal peptides fused to Gkkere
infiltrated intoN. benthamiandeaves, these proteins were observed to hdnghaocalization at
endoplasmic reticulum (ERThis suggested that the signal peptides fRnrregulariseffector
proteins are not properly processedNirbenthamiandeaves. Therefore constructs were made to
express effectors without their signaptide.

Genespecific primergAppendix 1)to amplifythe effectorRirT167520 RirT266090and
RirT065700without signal peptides were designed using Primer3plus
(http://www.bioinformatics.nl/cgbin/primer3plus/primer3plus.cgi/fo make surgenes of
interest areloned intc2 4 5 p D O N wRe&d(Rvitrogen) these primers were boutwlattB
adaptorsSince the length of adaptors &@bp,attB-PCR products were obtadby double
amplifications therefore twa@airs ofprimers were used faach effector genes$he firstpair of
primers used in the first amplification were gespecific primergogethemwith 15bpof the latter
partattB adaptorsThe wholeattB adaptors werasedassecondoair of primers in the second
amplification cDNA wassynthesizedrom one microgram of RNA which was isolated frév¥n
truncatulamycorrhized roots using iScript cDNA Synthesis Kit (Btad Laboratories, Inc.,
USA). The volume of a PCR reaction was 20ul containings4Phusion HF buffer, 0.5pl
dNTPs, 1l DNA template, 0.5ul Phusion polymera®eiul 10-time-diluted Forward primer,
0.5ul 10-time-diluted Reverse primeand 13ul sterile MiliQ wateDue to the long length of
RirT065700(1810bp), theannealing temperature as welleegensiortime in the cgleswere
differentin PCR reaction iiRirTO65700compared tdRirT167520(316bp) andRirT266090
(277bp) The PCR prograrfor RirT167520andRirT266090was as followsinitial denaturation
at 98J0 for 30s followed by 40 cycles oflenaturation at 98 for 10s,annealing at 600 for
30s and extensioat 72J0 for 20s. Lastly5 minof an extensiostep at 720 was doneFor
RirT065700the annealing temperature wasJd3 and cycle extension time wasnin. The
conditions forPCR reactions itwo amplifications were the same except for priméte PCR
products were checked Wyo agarose gel electrophoresi©ie DNA concentrations were
determined using BanoDrop ND1000 spectrophotometer (Technologies, US8)bsequently
thesefragments werinserted i 4 5 p D ON R E 2a2cbrding ¢odhie manufacturer's
instructions After BP reactionsthese constructs were transformed into electrocompteali



( DH5U) ¢ subseguentlignowm dn LB agar plates supplemented with kanamycin at
3736 overnight.Colony PCR was conducted aploniesgrown on plates using the firgéir of
primersand Taq polymerase insteadRifusion polymerase. The volume d?@R reaction was
20ul. PCR program foRirT167520andRirT266090was as followsinitial denaturation at 940
for 5min, followed by 3 cycles ofdenaturation at 945 for 30 s, annealingit 52J6 for 30s
and extension at 7B for 1 min. Lastly7 min of an extension step at 3@ was done. For
RirT065700the annealing temperatune&s58J0 and cycle extension time wasb min. These
correct plamids were extracted using the Omega miniprep kit and fucthfirmed by
sequencingCorrect constructs underwent an LR reaction with destination vector 291 or 292
which contains a GFPdaat the Gterm or Nterm. Likewise, theecombinant constructsere
transformed intd H 5 dglls andhena wlony PCR was performe@hese correct plasmids
were further confirmed bgligestion using restriction enzym@xrmentas®MHindlll andEcoR
for RirT167520, SalandKpnl for RirT266090as well afRirT065700

Agroainfiltration

These constructs witBFP fusions were transformed irkgrobacterium tumefacier358 cells
andgrown for 2 days il.B medium complemented witlientamicin specinomycin and
rifampicin. Afterwards, hese cells werinfiltrated intoN. benthamiandeavesusinganeedleless
syringe.Leaves were detached after 3 days, and checked for GFP signatasiogal
microscope

Design of a defence response assay

Chitin, a key compound of fungal cell walls, functioning as PAMPs can tridgfeng response
in plant cells theoreticallf21]. However nfiltrating N. benthamian#eaves with chitin did not
show any obvious upegulation of PTI marker geneseénperimens done by Toolboxising

100 pg/mL(GIcNACc)s as well as oupreliminary experimerntt s i n g (GlANAcYk. Mherefore
flg22, a bacterial peptidepitope wasnstead 22]. Three defensresponse assays were
performed with infiltration of flg2ZGenscriptinto N. benthamiandaves using a needleless
syringe.

ROS evaluation

DAB staining used for ROS evaluatiamasfollowed theprotocol represertin Appendix5.
Schematic overview ahfiltration is shown in(Figure3).

gPCR

The infiltration in kavesof 4-weekold N. benthaminiglantswereshowedn (Figure 3. After
6 h, leaf disks from infiltrated areasere detached with2aml microtubgor RNA isolation
cDNA was obtained from one microgram of RNA using iScript cDNA Synthesis kotRR&ad



Laboratories, Inc., USA) angked for subsequent gPC&action withMy iQ SingleColor Real
Time PCR Detection Stam (Bio-Rad Laboratories, Inc., USAyhree PTimarker genes
NbCYP71DZ23], NbACRE13224] andNbPal [25] were chosendNbEF1a[26] was used as
a reference gengPCRwas conducted a10pl volume containing: 0.5 pl of cDNA, 5ul of iQ
SYBR Green Supermix (Bi®ad Laboratories, Inc., USA) and 4.5ul of both 1200fokvard
and reverse pners. gPCR program was set as follows: 95 °C fimir 39 cycles of twestep of
95°C for 10s and 60 °C for 38, then 95 °C for 18 and 65 °C for 5.Each gPCR reaction was
carried out in triplicate.

Figure 3. Schematic overview of infiltration with flg22 and water in a piece of N. benthaminialeaf
performed in ROS and gPCR assay.

Callose deposition

Callose deposition assay fdr benthamiandeaves were agded from Nguyen et a]27].
The infiltrationwith 40 uM offlg22 in leavesof 4-weekold N. benthaminiglantswas showed
in (Figure4). After 24h, leaf disks from infiltrated areas were cut off.

Thesedisks werecleared awaghlorophyll by incubatiomn 96% ethanol at 37°@ntil the
clearing waghorough The cleared leaf disks weneashed with 70% ethanol for two times
followed bythree times wittsterile MiliQ water Thedisks werevacuuminfiltrated with 1%
aniline blue in 150 mM BHPO, (pH 9.5/KOH) andsubsequerincubatedn thedark overnight.
The stainedliskswere mounted with 60% glycerol afides.Afterwards, callose deposits were
viewedunder using &eicamicroscopewith ultraviolet light Thenumber of callose deposits
were counted in 10 randomly pickeisual fields of each dis&t low magnification (x10)
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40 pM flg22 Water

Figure 4. Schematic overview of infiltration with flg22 and water in a piece of N. benthaminialeaf
performed in callose deposition assay.

Comparison of differences in compatibilibetweenthe WURstrain and the Utrecht strain
in colonizing different plant species

Plant material, inoculation and growth conditions

Hydrobeaddogether with sand were autoclaved and mixed in equal proportions. This mixture
was divided into 3 groups with different inoculations. The WUR Strain group was inoculated
with theR. irregularisDAOM197198wur strain (WUR strain) obtained from chicory root
culture[5], The Utrecht Strain group consisted of a sand mixture contamiimgegularisisolate
BEG21 (provided by prof. Pieterse, Utrecht Universigy)d Control group with no strain.
7-day-old seedlings oN. benthamiana5-day-old seedlings oM. truncatulg 7-day-old

seedlings of chive and&ay-old seedlings of tomato previously germinatdgppendix6 for

seed germinatigron Fahraeus mediurfAppendix7) were transplanted to potach plant

species with each treatment had 2 pots. Except for tomato with 3 plants in one pot, the other
plant species had 5 plandl the plants were watered twice a week. In the first three weeks,
these plants were watered only with demi water. Afteda@emi water was replaced by
Hoagland mediunfAppendix8) supplemented with 20M KH,POA4. After 4 weeks, plants from
one pot for each species with each treatment were harvest.

Biomass and mycorrhization analysis

Plantswere uprooted and then sand &ydrobeads were washed awaiie fresh weight of the
complete plant was measured each plantBy trypan blue stainingAppendix9) the half of the
roots of the plantsntraradical mycelium (arbuscules, vekes, ntercellular and intracellular
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hyphae) was observedsing microscopyThe levelof mycorrhization and arbuscules were
guantified based on the Trouvelot meth@gppendix 10 [28].
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Results

Intracellular localization ofselectedeffectors in host cells

To test whetheRirT167520, RirT26609andRirT065700are well expressed in the cellsGFP

tag was fused to the effectors at thée@ninus or Nterminus, separately. These recombinant
constructs were expressedNnbenthamiangaves under the control of the CaMV 35S

promoter. Infiltrated leaves were detached after 3 days, and checkeBRaosignal using

confocal microscopyif they were well expressed, they can be used in the defense assay as well
as studies on potential subcellular localization which may indicate a putative translocation to
plant cells.

RirT1675200calizes to the nuelus
BothnGFP:RirT16752@nd RirT167520:cGFRere observed to haveckear localized signal in

the nucleusf N. benthamianaells.More specifically, these proteig®ncentratedh the
nucleolus and also in the nucleoplasm with a punctate distribifigare5).
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Figure 5. GFP signal localization of nGFP:RirT167520 (A&B) and RirT167520:cGFP (C&D) in
N. benthamianaleaves.
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RirT2660900calizesto the cytoplasnand possibly nucleus

NGFPRIirT266090proteins were observed to localizethe cytoplasnof N. benthamianaells
RirT266090:cGFRocalized not only to the cytoplasm, but also to nuc{&igure6).

Figure 6. GFP signal localization of nGFP: RirT266090 (A) and RirT266090:cGFP (B) in
N. benthamianaleaves.

RirT0657000calizes to the cytoplasend nucleus

Both nGFP:RirT06570@&nd RirT065700:cGFRere weakly expressed k. benthamianaells
Both constructs showed GFP signal in the cytoplasm as weltls mucleusf N. benthamiana
cells.In more detail, in thaucleus they werexcluded from the nucleolugFigure7).
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Figure 7. GFP signal localization of nGFP:RirT065700 (A&B) and RirT065700:cGFP (C&D) in
N. benthamianaleaves.
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Design ofdefense response assay

To study whether RirT167520, RirT266090 and RirT065700 suppress host defense response, an
efficient defense response assay should be develblg&®, fundioning as PAMPSs can also

triggera defens responsg?9]. Our defense response assays were designed for infiltrating flg22
into N. benthiamdeaves.Three assays were perform&DS evaluation, qPCR axdllose

deposition.

ROS evaluation

The production of ROS carerapidly increase in reaction to stress whighdicates an

occurrence of immune respon$é3]. In our experiment, DAB staining wasagsfor ROS

(H205) evaluation. Ifadefense responseppens, significardarkbrownprecipitatesould be
expected30]. 100 nM of flg22 was infiltrated intdl. benthiamdeaves After 25 min or 1 h
hydrogen peroxide was detected by DAB staining. The results of ROS evaluation are shown in
(Figure8). Although somealark-brown precipitates were generated, no significant difference
was observed between flg2Peated leaf discs and watieeated discs in both 25 minand 1 h
incubation of flg22, suggesting that the production of ROS in leaves in reaction taffth22e

two infiltration times was too low to be detected.

Flg22 Water

Figure 8. The ROS severity in N. benthamianaleaves after 25 min (A) and 1 h (B) treated with flg22
and water.
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gPCR

To monitor a genetic responseNin benthiamaells, gPCR was performed witfdOnM of flg22
infiltrated intoN. benthamiangaves, in analogy to thperformance ii31]. RNA was
extracted after 6h and cDNA was subsequently synthesized. g@€Bonducted with 3 PTI
marker genes\\bCYP71DZ 23], NboACRE13224] andNbPal[25] were chose andNbEF1a
was ugd as a reference gef6]. The resulis displayedn (Figure9), showing nabvious up
regulation of these marker genes in flgp2ated amples compared to mock samples. This
indicategnfiltration with 100 nM of flg22 for 6 hourg/as not sufficient to detect transdrgnal
activation of PTimarker genes.
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Figure 9. Relative normalized expression of PTI maker genes NDACRE132bCYP71D2and NbPalin
reaction to flg22 in N. benthiamaleaves. NDEF1a was used as a reference gene. Fig22-1, Fig22- 2,
Flg22- 3 are flg22 treated samples; Mock1, Mock 2 and Mock 3 are mock-treated with water samples.

Callose deposition

Callose deposition is also a plant immune response indymmdthe perception of PAMPS, such
as flg22[19]. After infiltration with flg22 for 24 haniline blue staining was performéeal

visualize callose deposits b benthiamdeaf discsThe results are displayed (Rigure 10A),
showing that more callosieposits were generated in flgg2ated discs compared to mock
discs.Quantification of these callose deposits was done according to 10 randomly picked fields
in one leave disc. The average number of callose deposits intfEgd disc wa23.2,which

was about 8 folds more than that of weteateddisc (Figure10B). The result suggests that the
callose depositon assay appliedur studyprovoked defense responsedlig22-treated discs
However, compared to strong callose deposigenerated in Arabidopsis cells with the same
treatmen{19], our results were less than expected
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Figure 10. Callose deposition after (40 uM) infiltration. (A) N. benthiamaleaf discs stained with aniline
blue 24 hours after infiltration with flg22 or water. Right image, reference image of callose deposition
in Arabidopsis disc with exposure to flg22 [19]. (B) Average number of callose deposits after
infiltration. Error bars represent the standard deviation (n = 10 fields).

Mycorrhization and biomass analysis

To compare the differences in compatibility betwdenWUR strainR. irregularis
DAOM197198w) and the Utrecht straiR.(irregularisBEG21)in M. truncatulg N.
benthamianachive and tomatdrequency of mycorrhization (F%intensity of mycorrhization
(M%) and arbuscule abundance (A&6yoot segments were determin&udie to delayed seed
germination of tomatoes inoculated witlte Utrecht strainwe did not harvest time yet No
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colonization was found in all plants in Control grolipmatoes inoculatedithh the WUR strain
alsodid not show angadonization It might be that we nedd wait for a longer time to check
for it. These three parameténdMl. truncatulaandN. benthamiananoculated withthe WUR
strain were loweby more than 50% comparediteculation withthe Utrecht strainFigurel11l).
However the fresh weightf M. truncatulaandN. benthamianan WUR Strain groupvas
heaviercompared tahose inUtrecht Strain groupnd Control grougrespectivelyFigure12).
In chives, these three parameterSMR Strain group were comparable to those in Utrecht
Strain grougFigure11). Comparable results wefeund also foithe freshweightin chives
inoculated withthe WUR strain orthe Utrecht strairor no strain(Figure12). Although no
colonization was found in tomatoe®culated witithe WUR strain the averagéesh weighof
tomatoesn WUR Strain group was arourdd45g, whichwas about fiveimes larger than the

average irControlgroup(Figure12).
B F%
mM%
i 6
N.p

Figure 11. Frequency of mycorrhization (F%), intensity of mycorrhization (M%) and arbuscule
abundance (A%) of M. truncatula, N. benthamianaand chives inoculated with the Utrecht strain or
the WUR strain. Half of the roots from all plants were used. Error bars indicate the standard deviation.

20



2.5
. 2
)
E= | Utrecht Strain
515
g B WUR Strain
1 m Control

- ‘ J
, | -
M. Vg

Figure 12. Fresh weight of M. truncatula, N. benthamiana chives and tomato colonized with the
Utrecht strain and the WUR strain. Error bars indicate the standard deviation.
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Figure 13. Phenotype of 4-week-old M. truncatula (D), N. benthamiana(E), chives (F) and tomato (G)
with three incubations (A: no strain (control), B: the Utrecht strain, C: the WUR strain)
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Discussion

To study whether the candidate effectors (RirT167520, RirT266090 and RirT065700) suppress
plant defense response inside plant céllwas necessary ttesign defense response asshlys.
benthamiandeaveswere used in our study. Firstly we needed to tesexipeessiorof these

effectors in leave celland at the same time we studied their subcellular localizatmstudy
whether AM fungi use effectors in a plaspecies specific mannet wasnecessaryo know
whethereffectors are expressed in a plant species specific m&ineethe WUR strainwe

usedwas cultivated for a long time on a chicory root culture, we also wanted to test whether
there would be a difference in compatibility betweenstrain andhe Utrechtstrain

Localiation

Both nGFP:RirT167520 and RirT167520:cGFP proteins show a clearly localized signal in the
nucleus ofN. benthamianaells, especially in the nucleolus but also asli#fetstructures in the
nucleoplasm. This suggts that RirT167520 might be translocated into the plant cells and might
have a function in the nucleolusucleolus is @ronounceduclear subcompartment. It provides
the site for transcriptigrprocessing as well as assembly of rRNWd regulates cell cyc[82)].
Moreover, t is also involved irstress responsby functioning as a stress sengB83]. Such
nucleoludocalization suggests RirT167520 mighteractwith host protein®n a transcriptional
level. HaRxL44 aneffectorfrom Hyaloperonospora arabidopsid{sipa), was also found to
localize to the nucleoplasm and nucleouplanta Mediator, a largenultiproteincomplex,acts

as a transcriptional coactivator associatiith RNA polymerase lIHaRxL44 proteins were
showed to interact with and degraal&lediator complex subunit 19a (Med19a), wHmtalizes

to the nucleoplasm as well as nucleolus isralpositive transcriptional regulator Af
thalianaimmunity uponHpainvasion[34].

RirT266090 witha GFP tag at thet&rminal localized to the cytoplasm BF. benthanana

cells. Proteinswith a GFP tag at the-@rminallocalizednot onlyto the cytoplasm, but also to
nucleus.This nuclear localization might be the result of protein diffusion from cytoplasm since
the molecular weight of RirT266090:cGFP is 39 kDa which is less than the nuclear exclusion
limit of 45 kDa[35]. These GFP signals suggest that RirT266090 migtrabslocated into the
plant cells and might be@toplasmiceffector In the oomycetePhytophthoranfestansAVR3a,
acytoplasmiceffector,actsasa cell deathsuppressothatinteractswith andstabilizes hosE3

ligase CMPGL1. This late enzyneerequiredor INF1-triggered cell deatf36, 37]. Hencethese
two examples give us an indication thatureresearctcantry to identify interactingproteinsin
hostcellswhich might give a clue on wha the effectorsmight be doing.
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NeithernGFP: RirT065700 nor RirT065700:cGBRoteins werdnighly expressedlhis might be
because in plant cells these proteins were degraded, or the GFP construct was broken down.
There proteins showed a nucleic localization, however, outside the nucleolus

Western blot would be necessary to check whether the GFP fragment was cleaved off from the
GFP constructs. This cleaving off can affect judgment of localization.

However, ourselected assays cannot prove effector translocation due to a lack of expression of
signal peptide inside the plant cells. A hairy root transformation would be a better method to
study localization of these effectors, since they are used in the rootsfpghs.

Alternative approaches to test the translocation of AM effectors into plants cells were proposed.
Based on the theory of specific binding of antigen and antibouyunclocalizationwas raised

The testeaffectorcan beargetedoy a specific antibodwhich can be further detected ay
secondary antibodyagged withfluorescentThen theocalization can be obserd by detecting
fluorescent signalwith confocamicroscopy Other option could be to produce a fluorescent
effectorfusion protein (for example purified from E. coli) and add it to plant cells to see if it
taken up by the plant cells. Or introduce a GFP tagged version with signal peptide into a
(hemi)biotrophic fungus that can be transformed to study potential tratisigcamilar to what

was done in the work on SP7.

Defen® responsassay

TheROS evaluation as well as gP@Rplied on this studfailed todetectthe occurrence of
defeng responseThe allose depositiomssayseemedo work but less than owxpectatios.
Several studies have repea that flg22 can induce defensesponse iN. benthamianaells,
howeverthe length of treatment time as wellthe concetration of flg22 used for defeas
response assayaries in different studig®7, 31, 38]. Our results indicate that, despite its wide
use in literature, application of flg22 k& benthamiandeaves is not as straight forward as
presented in literature. Therefore, it would be necessarily to set different time points and test
different concentrgons to determine optimal experimental conditions in future experiments.
Pseudomonas syringaa plant pathogen, has a type Il secretion system which rtiestitscan
deliver effectors to host cells to attenuate defense rea¢88hd eaves inoculated with

P. syringaehrcC mutarg would be another optioDue to a deficiency in type Ill secretion
system|jt has been shown that tRe syringaehrcC mutant is more efficient in triggering callose
depositions ifN. benthamiandeaveqKlaas Bouwmeester, Phytophatholo@yageningen
University, personatommunication).

24



Mycorrhization and biomass analysis

The fresh weight oM. truncatulaandN. benthamiananoculated with the Utrecht strain

was much lower tin the @es inoculated witthe WUR strain though the mycorrhization level
with the Utrecht strain was highdrhis might be due teome contaminants within the sand
mixture containinghe Utrecht strain These contaminantsightinhibit the growth oM.
truncatulaandN. benthamianaAlternatively, the Utrecht strain fungi can obtain much more
photosynthates from plants comparedh®WUR strain fungi, and act in a somewhat parasitic
way. Strikingly, tomatoes inoculated withe WUR stain performedjuite well exen though

they were not colonized at aBince thechosen WUR straiwas cultivated for a long time on a
chicory rod culture, someriginal properties of this strain might have been chanbeahatoes

in Utrecht Strain grouphould be harvestito check the colonization and fresh weight as well as
phenotype. These results should be compared to those of tomatoes in WUR Strailmgroup.
future, it is necessary to equé amounbf inoculum sporén each poto ensure equivalent
conditions forinfectionand repeat this experimefi study whether AM fungi use effectors in a
plantspecies specific manner, itnecessary to know whether effectors are expressed in a plant
species specific manndrhe other half of the roots of the plants willlmed for RNA/seq
analysis. This analysis can helpagdect effectors that are expressed in all these four plant
species and show arbuscule specific/enhanced expression. These selected effebtousedl|

for functional analysesntheir role inarbuscule formation and development.
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Appendix

Appendix 1: Primers used in the study

TZ-attB1-F

GGGGACAAGTTTGTACAAAAAAGCAGGCTTC

TZ-attB2-R

GGGGACCACTTTGTACAAGAAAGCTGGGTC

TZ-RirT167520-F2

AAAAAAGCAGGCTTCATGTTTTCAAAAGAGGATTTAGTACCTG

TZ-RirT167520-R2

CAAGAAAGCTGGGTCGGTTTGGAAACGAATTCTTTT

TZ-RirT266090-F2

AAAAAAGCAGGCTTCATGCAAGCATATAAGGCCACAATAAA

TZ-RirT266090-R2

CAAGAAAGCTGGGTCACAGTCAAAACTCCAATTACCAA

TZ-RirT065700-F2

AAAAAAGCAGGCTTCATGATTCCAGCAAGAATTCATAATGTTG

TZ-RirT065700-R2

CAAGAAAGCTGGGTCTCTGATTTTATTAATATCTCTTCTAATTTCA

TZ-NbACRE132-F

AGCGAAGTCTCTGAGGGTGA

TZ-NbACRE132-R

CAATCCTAGCTCTGGCTCCTG

TZ-NbCYP71D20-F | ACCGCACCATGTCCTTAGAG
TZ-NbCYP71D20-R | CTTGCCCCTTGAGTACTTGC
NbPal-F TCGAGTTGCAGC CTAAGG
NbPal-R TCTTCCAAATGCCTCAAGTC
FY-NbEFla-F TGGACACAGGGACTTCATCA
FY-NbEF1a-R CAAGGGTGAAAGCAAGCAAT

Appendix 2: Candidate effector gene sequences.

> RirT167520 (without signal peptide)

TTTTCAAAAGAGGATTTAGTACCTGTCCAAGAGATTAATCCTAAACCTCTTATAATCAAAAAAGTTGGACACAATAA
ATTGATTGCAGAAGTTACATGGGATGGAACACTTGAAAATGATAATGTACCGGTTAGAACCAAATTTAGATGTTTT
TCTGATGCTGTGACTGTTAAAGGTCCTAAGCATGCTTTATTCGGTGACCGTAAGGTCAATTTTGAAATAAAGGTTC
ACAAAAAGAATGTCAATGTGAAATGTCGATATGGGGTTCAAGATGGTTCCACTTTCATAAAAAGAATTCGTTTCCA

AACCTAA

> RirT266090 (without signal peptide)

CAAGCATATAAGGCCACAATAAAACAGACTTTGGGCGTTTTGTGCAGATTTITGGGTAGAAGATGCAAATCATAATC
GCATAGCTGGTGATGGAAAAAGACACTACCATACTTGTGATGGCGCAGATAAGGTCATTGAATTTGGCAATCAAC
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AGTACTATATTGTTGCGAAAGTTGAAGCTAGTTTGCAGCTAGAAAAAGTCCGAGGTCCTTTCGATGGCGATCATTC
GTGTTTTTTTTATGGCACTATTGGTAATTGGAGTTTTGACTGTTAA

> RirT065700 (without signal peptide)
ATTCCAGCAAGAATTCATAATGTTGATAATGATGAACATCTTCATTTGAGAGCCTATACTAATGAAATTCAAAAGCG
TCATGAACCGTTTAAAATTATTCAAACCGATTATTTTAAACCTTTTGTACATTTACCTTTTACTAATAAACCAGTAACT
CGTTATTATCAATTGACATTAAAAAAAGTTAAATTATCTCCTGATGGTTTTGAAAGAACTGTTTGGAGTGTAAATGG
TCAATATCCTGCTCCAATTATTCGTGCAAATAAAGGAGATAGGATGATCATAAATGTTGAAAACAAATTTGGTGAT
CCAGCAGCCGTCCATTGGCATGGTGTGTTCCAACATGGTACAAATTGGTACGATGGAGTTCCAGGACAAACTCAAT
GTCCAATTCCAAATGATGTTTCATTTATTTACAATTTTACTACTGGAGACCAACACGGTACCTTTTGGTATCATTCTC
ATTTTATGGCACAATACGCTGATGGTTTACGAGGAGCATTAATTGTCCACGATCCAGATGATCCATATTTAAAAGA
ATATGATTATGAATATGTCATTACATTATCTGACTGGCATCATAGAACAACTGGTGAAATCTTACCAAATTTCATAT
CTCCAACTTATACTGGTAAACGACCCGTTCCTGATTCACCACTTTTGAGCGGTCGTGGTAGATATAACTGTAATGGG
GCTCCAGATGGATCTAAATGCAAACCAAATGCTCCATTGGCAGTTTATAATGTTAAAAAGAATAAAAAATATAGAT
TTCGTATAATCAATTCTGCAGCAGATGCTTTCTTCATATTCTCTATTGATGAACATAAATTAAAACTTATTGAATCAG
AAGGTATATATATTAAACCAACTATTATTGAAAAATTACCTATTAATGTTGGACAACGTTATTCTGTAATTGTTAAT
GCTGATCAACCGATTGGAAAGTATTGGATTCGTGCAACTATTGATAAAAGATGTGTCCTAATTAATAATGCGACAA
TTAATTTTAATTCTTCTATTGATTGGAATGGTCTTGGTATTCTTAAATATGAAGGATCAAAAAATGATAAACCTAAA
TCAAAAGAATTTCCCGAAAATTTCAAAATTTGTCGTGATCCTGATCCAAAACATTTGAAAACTCTTCAACCCGTTAC
AAAATATGATGGAAATGTTAGTGATTTTTTCAATATTACCGTTAAATTTCAAAGAGAAGGTGATGGAATAGTAAAA
GCTGTAATGAATAATAGTTCATTCATACCACAATTTAATGATCCAACCATAAATAAAATTATAAGACATATCCCACC
AGATGAATTACCAAAAGAACAAAATTCATTAATTTTTGATAATAAAAATGGTATAGTAGAAATTGCTTTATGGAAT
AATAATACTGATGAACATCCATTTCATATGCACGGACACGTTTTTGGCGTAATGTTTGTTGGTGAAAAAAATGAAT
ATCCTGATGAAAAAAAATATGATAAGAAAAATCCTGTAATTCGTGATAATGTGACCGTTCCTGGTTTTGGATATTT
GGTTATACGTTTCATCGCTGATAATCCTGGTATTTGGGCTTTTCATTGTCATATTGAATGGCATGTAGAACTTGGTA
TGGTTCTTCAATTAGTAGAACTACCTAGTATTTTAATGAATGAAACTATACCAAATGATGCTTCATCTTTATGTTITA
AAAATGATTATCAAAAGAAGAGAAATCCTACGACACCATTTCATAATCGGGAAAGAATGTTTAATCCTGTTATAAT
TAATGAAATTAGAAGAGATATTAATAAAATCAGATAG

Appendix 3: Properties of the selected candidate effectors

Effector ID Gene Length(bp) arbl - erml - HS1-4_trimmed
ARB_trimmed RNA-Seq-1 - RPKM
RNA-Seq-1 - RPKM

RirT167520 | 316 903.7735 0
RirT266090 | 277 427.8176 0
RirT065700 | 1810 264.574 1.796317

Appendix 4: Agroinfiltration of N. benthamianaleaves

1. Agrobacteriunstrains with tested vectors were grown in 10 ml LB medium with antibiotics at 28 °C
overnight in 50 ml tube.
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Agrobacteriumwith vector p19 was grown in 10 ml LB medium with antibiotics (kanamycin 50 pg/ml,
tetracyclin 5 pg/ml) at 28 °C overnight in 50 ml tube.

The tubes with grown bacteria were centrifuged 10 minutes at 4 000 X @

The pellet was resuspended in 10 ml MMAi medium.

The OD (600) was measured on spectroscope. The suspensions were diluted to the final OD = 1.0 and
they were incubated for 1 hour at RT.

5 ml Acrobacteriunwith p19 vector (not required; alternatively 2B) was mixed with 5 ml
Agrobacteriumwith tested vector.

. The mixed Agrobacteriumwas injected to the leaves of Nicotianatabacum- 3 leaves of 2 plants with

only some areas (for confocal microscopy), 4 whole leaves of 1 plant (for protein extraction).
Injected areas and leaves were marked with permanent marker.

. The infiltrated plants were grown 2 days and then the samples were collected and used for confocal

microscopy/protein extraction/frozen at -80 °C.

MMAI medium (1 liter): LB medium (1 liter):
20 g sucrose 10 g Tryptone

5 g MS basal salts 5 g Yeast extract

2 g MES 10 g NaCl

MQ to 1 liter Adjust pHto 7.0

2 ml1 M NaOH (pH 5.6)

1 ml 200mM acetosyringone

Appendix 5: ROS measurement adapted from Daudi et al. [40]

Materials and Reagents

1. 4-week-old N. benthamianalants

2. DAB non-acidified powder (Sigma D8001)

3. Tween 20 viscous liquid molecular biology grade
4. Sodium phosphate (Na,HPQ,) electrophoresis grade
5.  Aluminum foil

Equipments

1. Magnetic stirrer and stirring bar

2. pH meter

3. 1mlneedless syringes

4. 6-well microtiter plate

5. Dessicator

6. Shaker

7. Water bath

Procedure

1. Preparation of DAB staining solution
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a. In 100 ml flask, add 50 mg DAB and 45 ml sterile H,O for a final 1 mg/ml DAB solution.

b. Add small magnetic stirrer and reduce pH to 3.0 with 0.2 M HCI (to dissolve DAB).

c. Cover tube with aluminium foil since DAB is light-sensitive.

d. Add 25 pl Tween 20 (0.05% v/v) and 2.5 ml 200 mM Na,HPO, to the stirring DAB solution.

2. Staining leaves with DAB solution

a. 100nM of flg22 and water were injected directly into two sides in one leaf via a 1 ml needleless
syringe. Sample 3 leaves in one plant.

b. Leave the plants for 25min or 1h.

c. Sample the leaves after 25min or 1h by manually removing each leaf from the plant and placing in a
6-well microtiter plate.

d. Apply 5 ml of the DAB staining solution to the leaf or leaves in the well. Adjust the volume to ensure
that leaves are immersed.

e. Ensure that the DAB solution is taken up by the leaf by gently vacuum infiltrating the leaves. This is
achieved by placing the 6-well plates in a dessicator and applying gentle vacuum for 5 min.

Cover the 6-well plate with aluminium foil (since DAB is light-sensitive).

g. Place the plate on a standard laboratory shaker for 5 hours at 80 rpm shaking speed.

h. Following the incubation, remove the foil and replace the DAB staining solution with bleaching
solution (ethanol:acetic acid:glycerol 3:1:1).

i. Place the 6-well plate carefully in a boiling water bath at 95°C for 15 mins. This will bleach out the
chlorophyll but leave the brown precipitate formed by the DAB reacting with the hydrogen
peroxide.

j.  After 15mins of boiling, replace the bleaching solution with fresh bleaching solution and allow to
stand for 30 mins. Samples at this stage can be stored at 4°C for up to 4 days with no detrimental
effects observed in our hands.

k. Leaves can be directly visualized for DAB staining. Photographs are recommended on a plain white
background under uniform lighting.

Recipes

1. DAB staining solution (Please see procedure 1)
2. 200 mM Na,HPO, (pH > 6.8)
3. Bleaching solution: ethanol : acetic acid : glycerol = 3:1:1

Appendix 6: Seed Sterilization and germination

1. M. truncatulaseeds are sterilized by incubating with concentrated sulphuric acid (H,SO,) for
10 min; chive seeds are sterilized by incubating with bleach for 10 min; Tomato and N. benthamiana
were sterilized with 25% bleach for 20 min

2. Make five rinses with sterile water.

3. For M. truncatulaseeds, add bleach to the rinsed seeds and incubate for 10 minutes, then rinse
seven times with sterile water.

4. Place the seeds on Fahraeus agar and incubate upside down at 21°C.
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Appendix 7: Fahraeus medium preparation

Stock solutions Stock Volume (ml) Final
concentration Concentration
(for 1 liter of 1x
medium)
Macronutrients g/l M
MgSO. 7 H,0 123.2 0.5 1.0 0.5 mM
KH,PO, 95.3 0.7 1.0 0.7mM
Na,HPOQO,, 2H ,0 71.2 0.4 2.0 0.8mM
Fe-EDTA 20 mM 2.5 50 pM
Micronutrients
MnSO4, CuSO 4, Img/ml 0.1 each 0.1ug/l
ZnSO4
Each each
H3803, Na2M004

- Adjust pHto 6.5.

- Add 0.9% daishin agar. Autoclave

- CaCl2 (1 M stock solution) must be added to the medium after autoclaving and just
before use, since it co-precipitates with phosphate ions.

- Sterile macronutrient stock solutions are stable at room temperature. Store at 4 °C once
bottles have been opened.

- Prepare separate solutions of 5.6 g/l FeSO4 and 7.4 g/ Na2EDTA by heating at 50 °C and
mix.

- Store micronutrient solutions at =20 °C.
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Appendix 8: Hoagland medium

Stock solution | Working solution
g/L ml/L
Macro-elements
KNO3 101 9
Ca(NOs),x4H,0 236 9
MgS0,x7H,0 246 3.6
Micro-elements 1.8
H;BO, 1.95
MnCl,x4H,0 0.36
ZnSO,x7H,0 0.57
CuSO,x5H,0 0.125
(NH;);Mo00,xH,0 | 0.087
CoCl,x6H,0 0.087
Fe—EDTA 1.8
FeSO,x7H,0 5.56
Na,EDTA 7.45

Appendix 9: Trypan blue staining used for staining arbuscular mycorrhizal fungus.

Stock solutions

- 10% (w/v) Potassium hydroxide

- 2% (w/v) Trypan blue

- Lactoglycerol solution (combine 300ml Lactic acid, 300ml Glycerol, 400ml double-distilled

Procedure
a. Submerge the roots in KOH (10%) and heat at 90°C for 20 min.
b. Decant the KOH and rinse the roots twice with deionized water.
c. Prepare Trypan blue staining solution by mixing 25ml of Trypan blue stock and 1000ml Lactoglycerol
d. Cover roots in Trypan blue staining solution and place at 90C for 3-5 mins (DO NOT LEAVE THEM
LONGER or they will turn completely blue)
e. Decant the stain into a waste bottle and place the stained roots in glycerol.
f. Mount roots in glycerol on slides for microscopy (NOTE — Do not mount in lactoglycerol, it destroys the
microscope!). The fungus will be stained blue and should be clearly visible within the roots. If the fungus
has not stained enough, repeat the staining step. If the roots have stained too much, place them in
lactoglycerol and they will destain.
g. The roots from the mock-inoculated controls should be stained and examined. These serve as a
control and will indicate the quality of the growth conditions. Obviously they should not contain any
mycorrhizal fungi.

Appendix 10: Mycorrhization scoring

Roots were cut into 1cm segments and stained using the Trypan blue staining and mounted on slides in
glycerol.

33



] COLOMNIZATION
IN CLASSESFROM 0 TO 5

-
| —L:Tﬂ/ﬁ
0 1 2 3 4

0% <1% <]10% <50% >50% >90%

s

None : AD E
Few arbuscules : Al
Frequent : A2
Abimndant : A3
Al A2 A3
Calculations

1. Mycorrhization frequency:
F% = 100 (N-n0)/N

n0 — Number of segments without infection;
N — Total number of segments observed (infected and non infected)

2. Intensity of mycorrhization:

M% = (95*n5+70*n4+30*n3+5*n2+n1)/N
n5, n4 ... are the numbers of segments assigned to the class 5, class ...
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(Mycorrhization scoring continued...)
3. Arbuscule % within mycorrhized parts:
a% = (100*mA= + 50*mA- +10*mA)/100

mA=, mA- and mA were calculated as follows:
mA- = (95*n5A- +70*n4A- +30*n3A- + 5* n2A- +n*1A-)* F%M%*(N-n0)

5A-, n4A- are the number of segments assigned to the class 5A-, 4A- ...
mA = calculated in the same way as mA-

4. Presence of arbuscules in all the root apparatus:

A% = a%*M%/100
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