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SUMMARY

One of themaincharacteristics of plant cells is the presencthetell wall located outside the plasma
membraneln particularcells, thiswall can bereinforced bylignin, a polyphenolic polymethat plays a
central rolgor vascular plants, conferring hydrophobicity to conducting tissues and mechanical support
for upright growh. Lignin has been extensively studiday a range of different techniques including
anatomical and morphologicahalyses using dyes to charamizethepolymerlocalizationin situ. With
the constant improvement of imaging techniques, it is now possibd¥isit old qualitative techniques
and adapt them tobtain efficient, highly resotive, quantitative, fast and safieethodologiesin this
study we revisit and exploit the potential fiilorescent microscopgoupled tosafraninO stainingto
develop aguantitativeapproach for lignircontentdeterminationThe developed approadl basedon
ratiometric emission measurementand the development of an ImageJ macfo. demonstrateghe
interest of our methodology compared to otlkemmonlyusel lignin reagents we showed that
safranineO stainingwas used t@valuate and compatignin contens in previously characterizeé.
thalianalignin biosynthesisnutans. In addition, the analysis dignin contentand spatial distribution
in the Arabidgpsislaccasemutant als@rovided new biological insights into the effectdaafcasegene
downtregulation in different cell type©ur safranineO basedmethodology also validatedor flax,
maizeandpoplar, significantly improve and speedip anatomical and developmental investigatioins

lignin, which we hope will contribute to new discoveries in many areas of cell wall plant research.

SIGNIFICANCE STATEMENT (2 sentences 75 words max)

Lignin has long been the subject of extensittaly as iplays a major role in plant growth and defense
and is a importantfactor affecting the quality of plant biomass and pldetived productsThe
development of an easgnd quantitative confocal microscopy method to provide detailed spatial
information about lignircontentat the cell wall levewill prove a valuable addition to the toolbox of

lignin analytical methods for both fundamental and applied research.
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1

2

3 INTROD UCTION

g

6 A maincharacteristiof theplant @ll is the presence afcell wall. This wall allowsplantcellsto acquire

é a certain rigidity essenti&br the maintenance of a strong intracellular osmotic pressateontributes
12 to maintaining the plant stem uprigBtepending upon cell tygethis wallcan bemainly composedf

ig up tothreelayers The first one is the middle lamella thin structure mainly composed of pectnsl
ig shared bywo adjacent cells. Ais layeris the pedestal on which the two other structuttse primary
i? and the secondargell walls - can be developed. The primary wall is the first to be depositedsand
ig mainly composeaf cellulose, hemicellulose pectins and proteingCarpita and Gibeaut, 1993n
;2 certain tissues, plant cells acquirsexondary walthatis deposited between the primary cell wall and
35 the plasma membrankike primary cell walls, secondaell walls are rich in cellulose, but generally
;g show highehemicellulose and lower pectin content providigngatermechanicastrength andeduced
EZ extensibility. This secondargell wall, generally much thicker than the primary veail made of several
;g layers(S1, S2and S3, is mainly observedn cellsfrom vascular and supporting tissu&$e formation
2; of the secondary cell wall ish most casesassociated with theleposition oflignin that confers
gi hydrophobicity and rigidity to the cell wal(Boerjan et al., 2003)Lignin is a phenolic polymer
;g composedf 3 main units, p-hydroxypheryl (H), guaiacyl (G) andsyringyl (S) units derivedfom p-
gg coumarylalcohol, coniferyl alcohol and sinapyl alcohodspectively.The biosynthesis of lignais
jg initiated during the formation of the S1 secondary cell wall layer and newly formed lignin is first
j; observed in the cell corners and middle lamella before spigeadogressively, to the primary cell wall
ji and different layer¢S1, S2and S3 of the secondary cell wgllerashima and Fukushima, 1988jven
jg the major importance of lignintboth for the plant and economicalyit is not surprising that the
%é biosynthesis/polymerization and degradatidrihis polymerhave been extensivestudiedfor a very
22 long time(Boerjan et al., 2003)

52

53 One of the major challenged recentand futureyears isto improve our ability tacharacterie, both
§§ guantitatively andyjualitativay, lignin in plantcell walls.In terms of quantitative analysigireemain
g; types of wet chemistry methods are traditionally usedetyloromide assay$Morrison, 1972b,
gg Morrison, 1972a)theacidic methodVan Sest, 1963pr the Klason methodJohnson et al., 1961
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the Klason method seems more suitable and efficient on woody species, the acetylboromide and the acidic
method are more suitable for herbaceous speciethdsae species, the acetyl bromide method is faster

and presents laetterrecovery oflignin (Fukushima et al., 2015)

Various types of methods ar@so available for determiring lignin chemical composition(i.e.
determination of S, G and H conteand calculation of S/G ratipsThereincludechemical degradation
techniques, such as thioacidolyfispierre et al., 1986ndnitrobenzene oxidatioMonties, 1989)
as well aglerivatization methods and spectroscopic methods basH¥& (Mansfield et al., 2012)r

using pyrolysisGC/MS couplingWagner et al., 2007)

If these qualitative and quantitative approaches are powerful, theseaéinthe samealrawback they
are destructive methods thaiquiregrinding and/or extraction of cell wall polymers/ligaifiom the
plant sample being analyzeis a result,te daa obtainedepresent ia overallmeanvaluefor awhole
orgaritissueandthusdo rot take into account the fact tHanin content and composition valgtween
differenttissues, cells and cell walllayers To get around this problemnd toobtaininformaion on
lignin localizationmorerapidly, researchers hawxploiteddifferent histochemical methodsacluding
basic fushinand auramine staining (epifluorescence observatidid)armawardhana et al., 1992
Pesquet et al., 2005gvealing global lignin depositiorgs well as moregpecificftests such as
phloroglucinolstaining(Weisner reagentevealinglignin hydroxycinnamaldehydeinctions(Vallet et
al., 1996, Liljegren, 2010and Maié stainingproviding indications othe S/G ratiqMeshitsuka and
Nakano, 1979)Another approach based on safranin/alcian blue staining, the FASGA n{&thivith
and Tolivia, 1987)coupled to an adaptédage workflow(Legland et al., 201 @llowsaquantification
of the histology of maize based dignin-containing tissuesletectionbut doesnot permit a strict

guantification ofcell wall lignin content

Otherapproachebased ommicro-vibrationalspectroscopy (IR and Raman) werecessfullyadapte
to plant biology and more particularly ito situ cell wall characterizatioriGierlinger, 2014, Agarwal,
2006, Agarwal and Ralph, 1997, Gierlinger, 2018hey allow scientists to obtairgualitative,
quantiative and spatiabata onlignin. However, microspectroscopypproachesre generallyvery

difficult to calibrate in terms of acquisition analysis amd alsadime consumindor both machine use
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and data analyse®verall, such methodology is hadapted fothe rapid measurement of lignin content
in atissuédsamplecompared to a referene@d can therefore represent an inconvenience for functional

genomics approaches that can involve the analyses of large numbers of samples (e.g. mutant

O©CoO~NOOTA~WNPE

populations, biological replicates)

12 In 2008, Bond and cauthors(Bond et al., 2008)Jlemonstrated thahe azo dyeafraninO, commonly
used with a counterstato color lignified cell walls redn botanical samples examined by transmitted
light in the visible spectrupalsopresentsaninteresting fluorescence characteristising a range of

19 different plant samples made up of cells with high or low lignin letrse authorshowedthatthe

21 safraninO emissionspectrum depends on lignin quantiigghe higher the lignin content tfie stained

23 tissue the more intenge red part of themissiorspectrumWhile providing a novel way to distinguish

25 lignin-rich from celluloserich cell wallswithout the need for counterstaining, their approach remained
27 qualitative and did not allow for statistical comparison of lignin levels in different saripétkerefore

29 decided to develop @chniguethat wouldi) generatéhigh definitionspatialinformation about lignin

31 localization ii) providequantitativeinformationthatcanbe analyzedo support statisticallgignificant

differences in lignin content between sampbed iii) be fast, easy amalw-risk for the experimenter.
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RESULTS

Safraninemissionspectra depersdbn lignin content

Bond and ceauthors(Bond et al., 2008jlemonstrated that theafraninemission spectrurshanges
according to cell wall lignirtontent Higher ligninamountinduces a relative increase in the red part of
the emission spectrunThis dfect can be clearly seen in the safra@inspectra(under 488 nm
excitation)obtained from differeincell walls(zones 14) in a stem crossection from a Znonthold
flax plant (Fig. 1).We used lax as an appropriatemodel plantto develop the safranibased
methodologysincethe stem of this specieontainstwo populations of cells with highly contrasted
secondary cell wall lignification profiles: xyleaells with a highly lignified secondary walindcortical
bastfibers with poorly lignified secondary cell wallDay et al., 2005)This allowed us to observe
different levels of cell wall lignification whin thesame histological sectias shown with the toluidine

blue staining irFig. la

Analysis of theSafranin fluorescence emissiopextraunder 488 nm excitatioof differentflax stem
cell types (Figlb) indicated thathemaximum peak intensity is 570 megardless of cell type analyzed
Spectral analysis shows thaetmordignified the cell wall isthe higherthe emissionspectrum in the
orange and reregion(570- 600 nm)(Fig. 1b). In contrastthe "green" part of the spectrum (52860
nm) remainsstableindicating that it ighe orangéed part ofthe spectrunthat discriminates between

the differentcell walls analyzedBeyond 600 nm, the variability is lost.

Based on these observations, dexided to develop a ratiometric emissgpectrumapproachfor
evaluaing cell wall lignification levek that would be robusboth within a histological section and

between histological sectiofrt®om different provenance® (g.speciesgenotype age.

Methoddevelopmentfrom sample preparatiol® image treatment.

We firstly developeda standardizedhethodology designed to limit time consumptamd risk tothe
manipulator without altering result qualiethod S1 andFig. S1). Theaim of thefirst (facultative
stepwith EtOH alcoholis to fix and conservesamplequp to several weeks in 70 % EtOfd)y later

analysis as well a® limit the autofluorescence of pigmerfe.g. chlorophyll)that caninterferewith
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1

2

3 safraninfluorescent emissioriThe timenecessaryor this stepmust be defined dependingon the

4

g considered samplaut an overnight incubation is usually suitable for most sampesdescribed later,
; it is important to have flatrosssectiors and, in this cas, samples are sectioned with a vibroslicer as
20 thinelyas possibl¢30-100um) to obtain the best morphology. Howev&ncethe methodologis based
11 . . . . . " .

12 on epifluorescence the thickness of the cut willuradulyinfluenceimageacquisition. Next, 40 min

13

14 staining step isafraninO alcoholic solutio{0.2 % in 50 % EtOHjs performedat room temperature
15

16 in the darkwith shaking.This step is followed by a short rimwith 50%EtOH to remove safranin excess
17

18 on the tube/plate, # min ringe with 50% EtOH and 2 x10 min HO rinsesunder shaking in the dark
19

20 to removeexcesssafranin. Samples amibsequentlynounted indistilled water and analyzed with a
21

22 confocal microscope.

23

24

25 Beforestarting anycomparativeconfocal analyses, it is important to obtain safranin speé€tignified

26

27 and nonlignified cell walls from the plansampleso asWR GHWHUPLQH LQYDULDEOH 3JU
28

29 YDULDEOH 3Ualves ThdbToQaadh Geries of observations on a gisample it is necessary
30

2; to calibratelaser intensity and time acquisitiofhe morethese two values are lothe less there will
gi be a risk of safranin spectra shift as diseddater. Sinceour methodology is based on fluorescence
;g guantification,the ch@en laserintensity and time acquisition must proviémoughfluorescence
37 . . . . - . . .

38 intensityper pixel whilst avoidingsaturationFinally, it is mandatory tselecta flat areaf the sample
39 .

40 for observation

41

jg Spectrum equisition providesmages of the typpresengd in Fig 2a, b andc. Thecorrespondingmnage
44 — . . . . .

45 file is thentreated with thedevelopedmageJ macroThis macro applies eegion of interes{ROI)
46

47 selection a noise thresholsubtraction a32-bit conversioranda median radius filter. Next, it defines
48

49 the highest intensity value, applies a threshold and caertbackground to NaN. At this moment
50

51 thereare twopossibilities for the useteavethe automatic threshold selectjamn manuallycorrectthis

52

53 threslold so ago make it more coherent wifour knowledge ofour samplanorphology Finally, the

54

55 ratio calculation is made and a ratiometric imaggeiserate@s presented in Fi2g.

56

57

58 Default settings allowthe usetto obtain an image representation on a color scale from purple to red in
59

60 a ratio range from O (purpléd 2 (red).In our context, black pixels correspond to NaN pixels without
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ratiometric value (under the threshold, not congdar measurement even iélected). Purple pixels
correspond to pixels with ratiometric value close tm@he casevherethe defaultrangedoes not lead
to usefulimage representatioit,canbe restricted or enlargg#ig. S2). It is important to b carefulat

this stage sinca valid comparison oflifferentimagesrequires that thewre all built usingthe same

range

In addition tothe ratiometricimage, the macralsoallows a quantitativeepresentatianFor this, the
userselecs the ROlon the ratiometric imagand maks a measurement with imageg/ig. 2d). The

same method is then applied to further R@&lswing statisticalanalysis

Biological validation of the method Arabidopsis

In order to test the robustness of our technique indapacityto genera¢ biologically relevant
information on cell wall lignin content we applied it to different model plant species. We first evaluated
the ratiometric technique lifferent lignin mutants fromrabidopsis thalianaThe lignin biosynthetic
pathway has been exigively studied irthis species over the last 20 years amtlifications in lignin
content/structure have beesll characterizeth a number of differentnutantsmaking them ideal test
objects for our techniquéur results (Fig3) show that the ratiomet values of fiber cell walls in
cinnamyl alcohol dehydrogena¢€AD) and caffeic acidO-methyl transferaséCOMT) (Fig. 3b, e)
mutants are not significantly different from thaddVT plants(Fig. 3a d). While both mutants contain
similar amounts of lignin to WT plantsad mutants possess lignin with a higher aldehyde content and
comtmutants show an altered S/G lignin monomer r@#ian Acker et al., 2013)The factthat the
ratiometric values remain unchanged suggestsailnagafranin ratiometri¢cechnique is insensitive to
differences in lignin structuge In contrast, similar analyses on tfh mutant(Fig. 3c) revealed a
significantincreasen the red/green ratiometni@lueindicatinghigherlignin content9 %)in agreement
with previouslignin chemical analyse@/an Acker et al., 2013)Takentogether, these results indicate
that the safranin ratiometric technique reflecédl wall lignin content but is not affectday lignin

compositionmaking it a powerfuin situanalytical methodor lignin quantitative analysis
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As another example we investigated -2 lac17double mutant previously characterizedBgrthet

and ceauthorgBerthet et al., 2011pPestructive wet chemistry analysis (acetyl bromidéd)catedthat

this mutantcontains40 % less ligninin floral stens as compared to WT plants and shows weaker
staining of interfacicular fibers with the Weisner reagehhe application of our technique floral

stem crossections from this mutaehabled us tbothconfirm previous observations antdtain more
detailed informatiormboutthe effect of the mutation dahecell wal phenotypgFig. 4). Firsly, mutant
interfascicular fiber cell walls are thickenduit have less weblrganized inner secondary cell walis
comparison with WT section@-ig. 4a andb). Secondly lignification appears to be restricted to the
middle lamella and primary cell wall of mutants compared to WT fibers that also possess lignified
secondary cell walls. In addition to these observations that confirm the results obtained by Berthet et al.,
ourmethod also allowed us to obtain quéiadtion on the amount of lignin reduction in fiber cell walls.
Examination of average ratiometric values (Fg) indicated that mutant fiber lignin content was
reduced by about 50 % compared to WT cell waltes values are higher théime reduction in Klason

lignin values (30140 %) determined by Berthahd ceworkersbut were obtained from analysis of the

whole stem that contains both interfascicular fibers and fiber bundles.

The differences between the vauabtained by safranin and vediemistry of whole stemuldsuggest

that the reduction in cell wall lignin is higher in fibers comparedatscular bundleand we therefore
decided to analyze cell walls in the latter regibine analysis of cell walls imascular bundlefig. 4d

- f) show that there is no significant difference in mean cell wall lignin levels between WT and mutant
plants when overall mean values for the bundle are taken into ac€bimtesult suggests that the-30

40 % reduction in Klgon lignin values reported by Berthet and coworkeimdueto a proportionally
greater reduction in fibers compared to vascular buratesindicates that thiac4-2 lac17 double

mutation affects the lignification process in different wagpending upon the tissue considered.

The safranin ratiometric approach also allowed us to obtain new information about the effect of the
mutation at the cell/cell wall layer level. For exampldew the maximunfand notthe mean)ratio
valuesobtained fron the lignified zones ONT fibers(middle lamella, primary cell wall, secondary cell

wall) and mutanfibers(middle lamella, primary cell walre considered (Figic) thevaluesindicate
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thatlignin levels in middle lamella and primary cell walls aoenparable.Taken together these results
indicate that théac4-2 lac17mutation primarily affects secondary cell wall lignification (but not middle
lamella/primary cell wall lignification) and is associated with increased secondary cell wall thiekness
potentially in an attempt to compensate the loss of rigidity due to reduced lignifiCEti®matiometric
approach also generates intriguing information about the effect of the mutation on the lignification
process in vesselfndeed, our results would sygst that the dowregulationof the Lac4andLac17
genesds notassociated with a decreas@iurerallvascular bundlégnin content but is, in fact, associated

with increased lignificationn xylem vessetell walls and decreasedignification in fiber cellwalls

within the vascular bundlénterestingly mutant vascular bundles appear to contain a higher proportion
of xylem fibers with pooriignified walls thereby underlining the existence of cell specific lignification

programs

In conclusionthe use obur safranidbasedmaging approach allowed us tbtain both quantitative

and precise spatial information about cell wall lignin content in a single experiment and on the same
sample thereby providing a considerable advantage chemical analysis (quantitative data, but loss

of spatial information) or other histochemical reagents such as Weisner (spatial information, but no

guantitative data).

Biological validation of the method in other plant species

The applicability of oumethodwasusedto investigate cell wall lignin in the flabbfl mutant that is
characterized by the presence of bast fibers with a secondary cell wall lignin content oflatétind
compared td % in WT plantgChantreau et al., 2014)hese values were obtained by destructive wet
chemistry (acetyl bromidgndmask a strong spatial heterogeneftg shown in Figure 5the safranin
ratio of bastfibersvaries fromO to 7unit (safranin ratiomean of 1.2unit corresponding to 2.4 times
more ligninsignalthan WT)in a first developmental stage of lignificationdrweekold plants(Fig. 6b
and d)and from 0 to 159afranin ratianean of2.2; 4.4 times mordignin signalthan WT)in a more

advanced developmental stage of lignificatffip. 5cand g.
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Lignin contentwas also evaluateith the cell walls ofmaize, anonocoyledon plant On stemcross
sectiors various tissues witlifferent lignin levelswere observed with a 4x objecti &ig. 6a). Non-
lignified parenchymaell wallsappeaiin blacki.e. under the detection threshold of our methodology
Hypodermiscell walls are coloredn blue indicating low lignin leved (safranin ratio = 0.53)n
comparison with the more heavily lignified cell walls of the epide(safanin ratio =0.93nd vascular
bundlesheaththat appear re(safranin ratio = 0.98) (Fig.a. This approach is complementary to an
approach based ondlibioinformatic treatment of FASGA stained stem sections that allows genotyping
based on theurfaceof lignification (Legland et al., 2017)he safranin ratimethodolog alsoallows

a better resolutioas it is independent die sectionthicknesshat canbecome a limiting point when

the cell density and therefore the opacity to the transmitteddigitbo important asit occurs in the
vicinity of large metaxylem vesse(Bigure6b). Sclerenchymacell walls (red) aremore lignified than
vessels (blue tgellow) or phloem celiwalls (purple blue) (Figuresh). Also, the development and the
associated lignification appears polarized with 5 to 6 lignified cell layers on the protoxylem side against
1 to 3 cell layers on the phloem siddtogether, these redts confirm that the safranin approach can be
easily applied to both monots and dicots and provides highlgtailedratiometricquantitative datan

cell wall lignin levels in comparison withlobal wet chemistry analyseshich arelonger and more

laborious to set up.

The finesse of analyzes beyond simple quantification.

The described safranin method is not only easy to use, but also pravhigs resolution spatial
information on cell wall lignin that can usually only be obtained by using mmeddnsuming and
fastidious techniques such as light/SEM immunolocalisation or Raman spectr@Samtipger, 2018,

Kiyoto et al., 2013, Day et al., 2005, Simon et al., 2018)

An example of higkresolution using the safraniechniqués illustratedin Figure7 showingthe results
of an analysis of flax stem xylerm contrast to otheslassical histological analyzésg.phloroglucinot
HCI) that suggesa uniform lignification of xylencell walls (Day et al.2005;Huis et al., 201 our
methodologyindicates thapericlinal cell walls often containhigher amounts dignin than anticliral

cell walls (Fig 7a). Similarly, examination of a pit between two fiber trachedd$0x magnification
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(Fig. 7b) providesan image quality and detailed informatithrat approaches thabtained byelectron
microscopy(Fromm et al., 2003)The obtained image reveals the localized highifi levels in the

vicinity of the pit as well as in the compound middle lamella between the two cells.

Technical controlstlimits to be respected.

As in most imaging approaches, it is important to control different technical aspects that can affect the

acquiredsignal and may lead to the generation of artifacts and false interpretations.

A first parameteis related tasample thickness anbde focal plane at which observations are matie
lower the focal plane (i.e. the deeper within the sectiondhatgoes), the more incident laser energy
andthe resulting emission energy will beecreased. The extent to which this occurs is likely to be
different depending upon the wavelength considerBal.characterize this phenomenan our
methodologywe analyzedgreen and red channel fluorescence intessif fiber cell wallsat different
focal planes in a sectioof safraninO stainedpoplar xylem(Fig. 8). Our results show that the
fluorescence intensity of thievo channels is identical for the first 9 optical sections (upper to lower) and
increases from around 70% of maximum intensitthe first optical sectioto 100% at the Qoptical
section. From the tenth optical sectiomwards signalintensity decreases for the 2 channels but to a
greater extent for the green channel compared to the red ch@hes¢ results indicate thidite good

benchmark foundertakinganalysis is when the sample appears focirséte green channel.

An additionakrequirement resulting froitihis phenomenois that the sample prepared is flat ghown

in theFigure8, an unevesamplevhenanalyzed at a givendepth willgive a differentresultdepending
uponthe tissue thickness crosséd.Figure 8b,at the surface of the sample section, only the xylem
appears in bluéFig. 8b, i)whereas deepén the sectionpther tissuesippearffirst in blue and then in

yellow andtheinitial xylem which appears in yellow and thedder(Fig 8b, ii to iv).

$ VHFRQG SDUDPHWHU FRQFHUQV WKH IOXRURSKRUHYV UHVLVWD
a ratiometric approach, the absolute intgnlgtel does not matter, and it is more important to check
the ratiometric stability. To evaluate this parameter, we subjeuggks of a 3month-old poplar stem

cortical fiber stainedy safraninO to increasing (intensity and accumulation time per pigetitation
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(Fig. 9). For this, we exposed the sample at a laser intensity of 5%9¢a).and 100% (Figuréd-f)
on continuous acquisition (20s / acquisitidbil2x512 pixels image). At 5% laser intensity (Fg-c),

differences in the percentage red/green ratio between the first and the fifteenth passage were of the order

O©CoO~NOOTA~WNPE

of 4%, whereas this value increasedtound 35 % when 100% laser intensity was used (FRpife

12 g) resulting in a very different visual image depending upon total (intensity and time) laserussergy

14 (Fig. 9nh). Such a result indicates that excessive excitation of safranin affectscitsispmperties and

16 provokes a photoinduced spectral shift in favor of green wavelengths. Analyses should therefore be
18 performed at low (power and/or time) excitation levels in order to keep any potential changes in the

20 red/green ratio to a minimum.

26 DISCUSSION

Lignin is the third most abundant biopolymer on Earth and plays a vital role in many aspects of plant
life (1). The presence arsfructure of this polymealsohavean importantimpact on the qualitpf a
33 wide range of different plafiased resoues and is therefore of major economic importafogether
35 with other cell wall polymers, lignin also represents a major sink for atmospheric carbon and its
37 biosynthesis thereforeontributes tacounteracting climate changBastin et al., 2019)it is therefore
39 not surprising that scientists have developed a wide range of different techniques for studying this

41 important polymer.

44 Many differentchemical and physicééchniquesre availabléo quantify and structurally characterize
46 lignin in plantcell walls(Simon et al., 2018ndhave beersuccessfully usedn bothhighly lignified
48 tissuesfrom woody plantsand on moreweakly lignified samples such as those foundhénbaceous

50 species.

53 However,many ofthese dosage methods destructiveand do not take into account the variability in
55 lignin quantity and structure that occurs between different cell types and/or cell wall layers. As a result,
57 the potential role of genes in thegulation of lignin biosynthesis and depositiothat cellular level is

59 often ignored or simplified. This aspect is particularly important given recent reports demonstrating that
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the deposition of lignin in the cell wall is either under the spatial control of particular proteins localized

in the cell wall(Yi Chou et al., 2018, Hosmani et al., 2013, Tobimatsu and StiRe19)

In contrast to destructive quantitative techniquesjumber ofin situ nondestructive techniques
including classic light microscopy histochemistry, UV microscopy, TEM immunolocalisation and

Raman spectroscoman also be usdd analyse cell wall ligniiSimon et al., 2018)

Of these, it is perhaphe Malle andViesnerstainingmethods that are the most widely udigght
microscope approaches for analysing ligniin situ (Monties, 1989) The Wiesner reagent
(phloroglucinotHCI) colours lignified cell walls in red artie Maulereactionbrings information about

the S/G ratioBoth of these methods are relatively rapid, easy to use and accessible to most labs that
possess aandard light microscope. However, they do not provide quantitative data thereby preventing
statistical comparisons of cell wall lignin levels, either within the same sample, or between different
samples. In addition, care should also be taken with thesndfiereagent as anly highlights the
aldehyde groupgresent in the polymein this paper wedevelopeda simple and rapicconfocal
fluorescence imaging approach based on saff@nhistochemistry and that is able to provisigth

detailed spatial inforntaon andquanttative dataon cell wall lignin levels.

SafraninrO is a basic azo dye that binds to the acidic lignin polymer (it is believed topigpin
interactions with the polymdStockert et al., 1984Using a range of plant samples characterized by
the presence of cells showing different amounts of cell wall lignin, Bond andid@rs demonstrated
that cell walls/cell wall regions containing high lignin levels (e.g. cell corners of pine woodjteahib
red fluorescence in safran@stained samples observed by confocal microscopy, whildigiified

cell walls (cotton fibers, poplar wood-&yers) fluoresced green. This same study also demonstrated
that the ed fluorescence in safran(d stained saples was spatially correlated with high lignin
autofluorescence in nestained samples confirming the correlation between lignin quantity and red

fluorescence.

Since a number of different factors can affect the intensity of acgsigedls,we firstly urdertook a

number of experiments to standardize sample prepasatmanalysiOur results indicated that sample
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thickness, observation depth and laser intensity should all be carefully contrelleiiddhe generation
of artifactsduring image acquisan andfacilitatevalid comparative studie¥Ve also demonstrated that
a simple fixation in 70 % EtOH either before or after section preparation was compatible with the

technique thereby facilitating sample collection and processing.

The development of aovel macro inthe widely used ImageJ software enabled the generation of a
ratiometric image and the subsequent quantification of relevant cell wall lignin levels in selected areas.
It should be emphasized that the ratiometric images and derived quantitative data do not represent
absolutevalues such as those obtained by Klason or acetyl bromide an@ygdignin level expressed

as a % of dry cell wall resigt). Moreover, iace s&ranin fluorescence can be modulated by a number

of different factors (dye concentration, incubation and washing time, sample thickness and observation
depth, photobleaching) it xtremelydifficult to establish absolute correlation curvBkevertheless,

the technique dogwrovide quantitative valudgbat allow statistically valid comparisons to be maele
either between different cell walls/cell wall layers in the same sample, or indeed between cell walls/cell
wall layers from different samples (e.g. mmuttas WT plants).This point was demonstrated wr
analysis othepreviously characterized Arabidop$ih lignin mutantthathas increaselignin content

A comparison of safrani® ratiometric images and statistical analysis of derigednttative daa
indicated statistically significant differences in agreement with previous chemical arthsby
confirming that thesafraninO method can be used to analyze cell wall lignin lewetitu ((Van Acker

et al., 2013)Similar analyses of Arabidopstadandcomtmutantandicatedno statistically significant
differences in cell wall lignin levelsalsoin agreement with previous chemical analy$an Acker et

al., 2013) Although lignin content isunchanged in these twmutants,they do show important
modifications in lignin structurec&d increased G units, decreased S uimitsieased Sinit aldehydes;

comt almosttotal elimination of S units, severely decreased S/G rétlm).factthat these differences

did not affect the ratiometric imagesongly suggesthat the safrani® based method is insensitive

to suchchanges in lignin structuréds such, it represents powerful complement to Wiesner staining

(sensitive to aldehyde conteat)d Malle stainingsensitive t&S unitcontent)for charactezinglignin.
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Another important advantage of our method is that it enagjlastificationfor individual cell walls/cell

wall layers thereby enabling a much more precise understanding of the effects of mutations on the
lignification process in plants. This point was demonstrated by our analysislat4k2 lac17double

mutant previously chacterized by Berthet and egorkers (21).Comparison of ratiometric images

from WT and mutant plants enabled us to observe and demonstrate the existence of statistically
significant changes in cell wall lignin levels at both the tissue (xylem vs intenfigeacier) and cell
(vessels vs xylem fiber) levels. Somewhat intriguinghgse analyses also suggested that vessel lignin

levels were higher in mutants compared to WT plants.

CONCLUSION

The rapidly increasing availability of relatively lowost and paerful confocal microscopes is
providing scientists #h the possibilityto revisit old histochemical methods and to deveiopre
efficient, safer, fasteandmore reproducibl@pproacheswith a better spatial resolutiom this paper
we have presentetthe combinationof safraninO staining coupled to confocal microscopy and an
automated image treatment with the free software Imithgeallows researchers to obtain quantitative
data on cell wall lignin contemery preciselyand to undertake statisticalNalid comparisons between
different cells, either within the same section or between different sariplesoolbox (method plus
provided Image J macro) waescribein this papemill create a field of opportunities for modern
histology in lignin imagingIt can be usedo improve and complete the existing classical staining
procedures and other approaches and will contribute to a better understanimglighification is

regulated at the cellular level
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1

2

3 EXPERIMENTAL PROCEDURES

4

5

6 Plant material and growth conditions

7

8

9 For this study, 4 model plants were usAdabidopsis thalianaLinum usitatissimun(flax), Populus
10

11 tremulax P. alba (poplar) andZea maygmaize). ForArabidopsis thalianawild-type (Cot0, N60000),
12

13 DQG VHOHFWtG liped Kan@ll.dadp, Bhl (Vanholme et al., 20123ndlac4-2 lac17double
14

15 mutant) were use(Berthet et al., 2011)For L. usitatissimumthe Diane fiber variety (WT aniiyfl
16

17 mutant) was usk(Chantreau et al., 2014orP. tremulax alba, the 7171B4 WT line (INRA clone),
18

;g was used. FaZ. mays, an indeterminate forage genotype was uBethaliang L. usitatissimunandZ.
;; mayswere grown in soil using a 16h/8h photoperiod, 23°C/20°C temperatués%Sygrometry in a
;i greenhouse with natural light completed with sodium to maintain light itgeats100 pmol.nv.s. A.
25 . . . .
26 thalianaplants were harvested at stag@6épulusplants were grown in soil for 2.5 months (60 cm high)
27

28 in aphytotronwith a 16h/8h photoperiod, 24°C/21°C temperature63% hygrometrywith white light
29

30 (HPI Master Plus Philig metal halid}o maintain light intensity at 120 umol-fis™.

31

32

33 Instruments

34

gg Plant stem crossections 80 um- were made using Microm HV640 andita S100 vibroslicersAll
;g the image acquisitions were performed on a LSM710 Confocal (Zeiss) equipped with Argon laser and
j:g 541 nm laser and a Nikon A1R confocal equipped with Argon lasesGinam laser.

41

jg Image J- Fiji macro step development

44

45 An Image J Fiji macro was deveped by successive automated steps with possible user intervention
46

j; at akey point The steps of the process are as folloWsplit channels// selection of region of interest
gg and subtraction of background nqige32 bit conversion and appiypedian filter radius ;1// set the
g; greenimage that has the highest intensity valliepply a threshold and convert the background to;NaN
gi // wait for user to define threshold calculate the rati¢plugin ratioplu$ ; // copy aaa_lut_fret.lut in the
55

56 lut field of the Fiji install and run/ Set ratio range/ Measurs.

57

gg Macro cwnloading addressittps://nextcloud.unklille.fr/index.php/s/rKDBBEM3fznRa6Z

60
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Method resume

The compete method is described in the supplementary file Metl81d A resume scheme of the

method is presented in the supplementary figure S1.
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Figure Sl. Presentationf the detailedsafraninbased fluorescenaerethod

Figure S2. lllustration of differential settings for the ratiometric representation depending on the chosen
color rangewithout affecting ratiometric data for quantificatiad) Color rangerbm 0 to 6. b)Color

range from O to 3. ¢) Color range from 0 td&Stale bar = 150um.
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FIGURE LEGENDS

Figure 1. Cell wall associated safranin spectra. a) Flax stem -sexsson staiad with toluidine blue

showing tissue organization and region of interest (yellow dotted circles) used for safranin spectra

acquisition b) Safranin gectia (excitation 488nm) of 4 regions of interest from cells known to contain

differentamounts oOLJQLQ 30RZ’ EDVW ILEHU FHOO ZDOO VSHFWUD
EOXH OLQH SKLJK” [\OHP FHOO zZDOOV V BiEmbagtibers, ©€) G JuU

cortex, cz = cambial zone, m = medulla, p = phloem, px = pyidem, x = xylemScale bar = 100um

Figure 2. Presentatiomf safraninbased fluorescenaaethod.a) Acquisition of the green part of the
safranin spectrgex:488nm, em:54660nm), b) Acquisition of the red part of the safranin spectra
(ex:561nm, em:54800nm), c) ratiometric image resulting from red and green image treatment using
the Image J macro developel) Ratio quantification in different parbdf the section. The Region Of
Interest (ROI) 1 correspontb thesafranin ratio from hypolignified flafibers. The ROI 2 corresposd

to the safranin ratio frontignified flax xylem. The range color used for image representgo@sfrom

ratio O (purple) to ratio 2 (red). bf = bast fibers, ¢ = cortex, cz = cambial zone, x = Sdafe.bar =

100um

Figure 3. Biological validation of the method in Arabidopsis monolignol biosynthetic pathway mutants.
From a) to c) are represented safranin ratiometric images of interfascicular fibers from floral stem cross
sections of CeD line (a),comtmutant (b) and5h mutant (c) from a first experiment. In d) and e) are
respectivelyrepresented safranin ratiometric images of interfascicular fibers from floral stem cross
sections of CaD line (a), cad mutant (e) from a second independent experiment. f) Histograms of
avelge safranin ratios for each analyzed line, values show no significant differences except * =
significant difference at P<0.01. The color range used for the image representations goes from ratio 0

(purple) to ratio 1.5 (red). Scale bar = 50um.

Figure 4. Biological validation of the methoih Arabidopsislac4-2 lac17mutant. From a) to b) are
represented safranin ratiometric imagéeterfascicular fibes from floral stem cross sectisof Col-

0 line (a) andac4-2 lacl7mutant (b). cHistograms of eerage and maximum safranin ratibromd)
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to e) are represented safranin ratiometric imagesg/lem bundldrom floral stem cross sectisof Col-
0 line d) andlac4-2 lacl7 mutant €). f) Histogram of xylem bundlevaragesafranin ratis. f)
Histogram of xylem vesselse@ragesafranin ratis. * = significant difference at P=0.0ILhe color range

used for the image representatigegsfrom ratio 0 (purple) to ratio 2 (redcale bar H0um.

Figure 5. Biological validation of the methodh iother plant species: flax. From a) to c) are represented
safranin ratiometric images of flax stem cross sestidWWT (a) andLBF1 mutantof 4weeks oldb

and c)plants.The color range used for the image representatiarissfrom ratio O (purple) to ratio 2
(red). d)histogram of werage safranin ratio ang) histogram ofmaximum safranin ratio for each

analyzed line. bf = bast fibers, ¢ = cortex, cz = cambial zone, x = x@eate bar = 50um

Figure 6. Biological validationof the method in other plant species: maize. a) Safranin ratiometric
image of a stem crossection of maize observed with a 4x objective. b) Safranin ratiometric image of a
vascular bunké from a stem crossection of maize observed with a 60x objectitjeHistograms of
averagentensity safranin ratios foepidermis, hypodermis and external vascular bundles.range
color used for image representatigaries from ratio 0 (purple) to ratio 1.5 (redhs = bundle
sclerenchymag = epidermis, mx = metadgiin, pa = parenchyma, ph = phloem, px = protoxylem, vb =

vascular bundleScale bar a) = Immand b) = 100um.

Figure 7. Flax xylem cell wals: the finesse ahe method. pSafranin ratiometric imagef xylemcross
sectiors from 8-weeksold flax stemsobseved with a60x objective. b)Detail of a pit and anticlinal

walls from a) Arrows show periclinal xylem cell wall§cale bar = 15um

Figure 8. Effect of depthand flatnesson the safranin ratida) Analysis of green and red channel
fluorescence intensitin several Zoptical sectionof poplar xylem.Graphical representation of the
fluorescence intensity of both channtds 15 optical sectionsf 6.15um. Green line corresponds to
green channel. Red line cesponds to red channel. Grey area corresponds to the optimal section for
analysis and comparison of several independent plant sectionmdlysisd ofA. thalianafloral stem

cross section. From toiv) images of cell wall lignin in a vascular bundlgt@ined at 4 different optical
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focal planes. For each optical section, a synthetic sketch illustrates the corresponding image along the

A-B section in term of color corresponding to safranin ratio depending on the depth. Scale bar = 50um.

Figure 9. Effectsof laser energy (intensity and time) on cell wall images and green/red ratio. The effects

O©CoO~NOOTA~WNPE

10 of different 488nm excitationenergies were evaluatesh fiber poplar cross sectisrstained with

12 safranin O From a) to c) ana$ysof safranin ratiometric image thi a low excitation power (5%). From

d) to f) analgisof safranin ratiometric image with a high excitation power (100%). a) and d) correspond
to one optimal pass acquisition, b) and e) correspond to the image aftét pass7and c) and f)

19 correspond téhe image at the ¥5ass. g) Quantitative analgof red/greersafranin ratis for 15 pass

21 acquisitions White bars correspond to safranin ratio evolutifow laser intensity and black bars

23 correspond to safranin ratio evolutiabhigh laser intensity. The*Jpass acquisition is normalized to

25 100% for both laser conditions.)hSafranin ratiometric image of poplar fibers including an insert

27 delimited by adotted line representing the safranin ratiometric fibers after 15 pass acquisitions.
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568 723nm

Figure 1.

Cell wall associated safranin spectra. a) Flax stem cross-section stained with toluidine blue showing tissue
organization and region of interest (yellow dotted circles) used for safranin spectra acquisition, b) Safranin
spectra (excitation 488nm) of 4 regions of interest from cells known to contain different amounts of lignin:
“low”, (bast fiber cell wall, spectra 1, orange line; cambial cell wall, spectra 2, blue line), “high” (xylem cell
walls, spectra 3 and 4, green and yellow lines). bf = bast fibers, ¢ = cortex, cz = cambial zone, m =
medulla, p = phloem, px = primary xylem, x = xylem. Scale bar = 100um

190x275mm (96 x 96 DPI)

SUBMITTED MANUSCRIPT

Page 24 of 38



Page 25 of 38 The Plant Journal

P OO~NOOOUID WNPFP

NNRPRRRRERRRRER
POOO~NOUIAWNERO

(a) Green channel

N
N

N
w

Ratiometric image (d) 14

N
N

NN
o 01
Safranin ratio

N N
o~

N
©

ROI1 ROI2

W wwww
A WNPEFO

Figure 2.
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Presentation of safranin-based fluorescence method. a) Acquisition of the green part of the safranin spectra
(ex:488nm, em:540-560nm), b) Acquisition of the red part of the safranin spectra (ex:561nm, em:570-
600nm), c) ratiometric image resulting from red and green image treatment using the Image J macro
developed, d) Ratio quantification in different parts of the section. The Region Of Interest (ROI) 1
corresponds to the safranin ratio from hypolignified flax fibers. The ROI 2 corresponds to the safranin ratio
from lignified flax xylem. The range color used for image representation goes from ratio O (purple) to ratio 2
(red). bf = bast fibers, ¢ = cortex, cz = cambial zone, x = xylem. Scale bar = 100um
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Figure 3.

Biological validation of the method in Arabidopsis monolignol biosynthetic pathway mutants. From a) to c¢)
are represented safranin ratiometric images of interfascicular fibers from floral stem cross sections of Col-0
line (a), comt mutant (b) and f5h mutant (c) from a first experiment. In d) and e) are respectively

represented safranin ratiometric images of interfascicular fibers from floral stem cross sections of Col-0 line
(a), cad mutant (e) from a second independent experiment. f) Histograms of average safranin ratios for

each analyzed line, values show no significant differences except * = significant difference at P<0.01. The
color range used for the image representations goes from ratio 0 (purple) to ratio 1.5 (red). Scale bar =

50um.
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Biological validation of the method in Arabidopsis lac4-2 lac17 mutant. From a) to b) are represented
safranin ratiometric images of interfascicular fibers from floral stem cross sections of Col-0 line (a) and lac4-
2 lac17 mutant (b). ¢) Histograms of average and maximum safranin ratios. From d) to e) are represented
safranin ratiometric images of xylem bundle from floral stem cross sections of Col-0 line (d) and lac4-2
lac17 mutant (e). f) Histogram of xylem bundle average safranin ratios. f) Histogram of xylem vessels
average safranin ratios. * = significant difference at P=0.01. The color range used for the image

representations goes from ratio O (purple) to ratio 2 (red). Scale bar = 50um.
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Biological validation of the method in other plant species: flax. From a) to c) are represented safranin
ratiometric images of flax stem cross sections of WT (a) and LBF1 mutant of 4weeks old (b and c) plants.
The color range used for the image representations varies from ratio O (purple) to ratio 2 (red). d)
histogram of average safranin ratio and e) histogram of maximum safranin ratio for each analyzed line. bf =
bast fibers, ¢ = cortex, cz = cambial zone, x = xylem. Scale bar = 50pum
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Biological validation of the method in other plant species: maize. a) Safranin ratiometric image of a stem
cross-section of maize observed with a 4x objective. b) Safranin ratiometric image of a vascular bundle from
a stem cross-section of maize observed with a 60x objective. c) Histograms of average intensity safranin

ratios for epidermis, hypodermis and external vascular bundles. The range color used for image
representation varies from ratio 0 (purple) to ratio 1.5 (red). bs = bundle sclerenchyma, e = epidermis, mx
= metaxylem, pa = parenchyma, ph = phloem, px = protoxylem, vb = vascular bundle. Scale bar a) = 1mm
and b) = 100um.
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Flax xylem cell walls: the finesse of the method. a) Safranin ratiometric images of xylem cross sections from
8-weeks-old flax stems observed with a 60x objective. b) Detail of a pit and anticlinal walls from a). Arrows
show periclinal xylem cell walls. Scale bar = 15um

190x275mm (96 x 96 DPI)
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Effect of depth and flatness on the safranin ratio. (a) Analysis of green and red channel fluorescence
intensity in several Z-optical sections of poplar xylem. Graphical representation of the fluorescence intensity
of both channels for 15 optical sections of 6.15um. Green line corresponds to green channel. Red line
corresponds to red channel. Grey area corresponds to the optimal section for analysis and comparison of
several independent plant sections. (b) Analysis of A. thaliana floral stem cross section. From i) to iv)
images of cell wall lignin in a vascular bundle obtained at 4 different optical focal planes. For each optical
section, a synthetic sketch illustrates the corresponding image along the A-B section in term of color
corresponding to safranin ratio depending on the depth. Scale bar = 50um.
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Effects of laser energy (intensity and time) on cell wall images and green/red ratio. The effects of different
488nm excitation energies were evaluated on fiber poplar cross sections stained with safranin O. From a) to
c) analysis of safranin ratiometric image with a low excitation power (5%). From d) to f) analysis of safranin

ratiometric image with a high excitation power (100%). a) and d) correspond to one optimal pass
acquisition, b) and e) correspond to the image after the 7th pass and c) and f) correspond to the image at
the 15th pass. g) Quantitative analysis of red/green safranin ratios for 15 pass acquisitions. White bars
correspond to safranin ratio evolution at low laser intensity and black bars correspond to safranin ratio
evolution at high laser intensity. The 1st pass acquisition is normalized to 100% for both laser conditions. h)
Safranin ratiometric image of poplar fibers including an insert delimited by a dotted line representing the
safranin ratiometric fibers after 15 pass acquisitions.
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45 Presentation of the detailed safranin-based fluorescence method.
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lllustration of differential settings for the ratiometric representation depending on the chosen color range
without affecting ratiometric data for quantification. a) Color range from 0 to 6. b) Color range from 0 to 3.
c¢) Color range from 0 to 1. Scale bar = 150um.
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Methods S1

BaldacctCresp F., et al.
A rapid and semiquantitative safranin-based fluorescent microscopy

method to evaluate cell wall lignification

CHEMICALS:

The following chemicals were used to develop the protdagdrose(Sigma CAS-No:
3052589-4), SafraninO (Sigma, CASNo: 477-73-6), ethanol §igmag CAS-No: 64-17-5)
DQG WKDWSYV DOO

SAFRANIN-O SOLUTION:
x Ethanol [final 50% (w/V)],
x Safranin-O [final 0.2% (w/V)]
x Ultrapure water to the final volume

Mix the solution welfor at leastl5min until you get everything completely dissolved

PREPARATION OF THE SOLUTION AND ITS STORAGE

x SafraninO ispurchased as a powder and dissolveetivanol 50%solution
X To prepardghe staining solutions, weigheindicated amountf the correspondingye
powder dissolve iin ethanol 50% solutiohy mixing the solution on the magnetic stirrer
in a small flaskor at leastL5min
X To store the solutions, wrap theamaluminium foil to avoid exposing them to ligat
4°C.
Note I if possible prefer fresh safrand solution
Note 2 for long term conservation, a 10x solution can be prepapdidjn aliquotsand keep

several monthm the darkat-20°C.

SAMPLE TREATMENT
x Collectsamples, maximum 0.5 cm length.
x Place them ir0% EtOH overnight with shaking at 4°C to fix and rempiggments that
can impact the flarescence acquisition.

X Remove alcohol solution
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x Coatsampes in moult with agarose solution (3 to 4%)

x Perform sectionideally from 30um to 100umon a vibrosliceand place them on EtOH
50% solution until stainingFor this step and depending on your samples and the
vibroslicer you must adapt section parameters (speed, frequency, amplitude section) to
obtain the best morphology. Better the samples morphology tsbletfer will be the

results.

Note: the same procedure can be envisaged with other embedding as paraffin or PEG to
use microtome instead of vibroslicer to obtain better morphology. In this case the global
procedure will be longeHowever, the gain in mphological quality is justified only for

fragile tissues

SAFRANIN-O STAINING
X Prepardresh0.2% SafraninrO.
X Place vibroslicedamples in safranin® solution for 10min under shacking at RT at
obscurity
x Remove alkafranineO solution
X Rinseone time in ethanol 50% solution fodrin under shacking at RT at obscurity
x Remove all the solution
X Rinsetwo time inultrapure watefor 15min under shacking at RT at obscurity

X Mount samples in water for imaging

Note : )RU WKH VWDLQLQJ DQG IRU ULQVLQJ LWYTV LPSRUWL
compare to sample number and to incubate in container allowing good homogenization under
shaking.

Note 2: Adapt the flushing time if necessary. Young lignified tissuesssués with low lignin
FRQWHQW GRQ WebtbloGriBdeW WRR KLJK

Note 3: Never mount your samples in glycerol or glycerohtaining mounting medium

because safrani® is highly soluble in glycerol.

CONFOCAL ANALYSIS

For the firstanalysis
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Perform a comparative spectra asapetween lignified and nelignified tissue. Ts

step is essential to determine the peak of maximum intensity, the invariable area of the
spectrum (green part, generally between 520nm and 560 nm) and the area of the
spectrum sensitive to lignin quantity (yellow to red part, generally between the
maximum intensity peak and 630 nm).

For the spectral anaisuse a 488nm excitation coupled wittgaisition from 500nm

to 700nmWarning: limit 488 nm laser power and pixel time exposition to avoid spectra

alteration as presented in this study.

Currentanalysis

X

X

To optimize results and limiting 488nm laser using to avoid spectral shift, the
acquisition was developed with 2 independent track with tifkerdnt laser line
excitation.

Track 1- green channek ex: 488nm, em: 53660 nm Himit 488 nmlase power (1

5% on recent laser).

Track 2- red chanrel - ex: 561nm, em: 57600 nm.

Considering the senguantitative comparison between independent samples, settings
of the reference sample must limit light range acquisition to 70% of the maximum tones
(about 2900 tone®r 12 bit image acquisition).

Acquire sequentially both tracks.

Note: Acquisition parameters depend on the confocal microscope used. The important point is

to well define the green and the red channel and adapt the parameters in function of.

IMAGE TREATMENT

X

For the image treatment use the Fiji install completed with tivelolged macro

available to this address: https://nextcloud.uni|

lille.fr/index.php/s/rIKDBBEM3fznRa6y.

OpentheFiji app

Openthe macro file with Fiji.

Open the image.

Run the ma and follow the instructions.

The result is a ratiometric image (representatgp rangefrom 0 to 2).
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Note 1:if the macrds completely automated, the user has the possibility to act on the threshold
applied to image treatment. Let the automatic threshold choice except if you consider that the
morphology desQ W FRUUHVSRQG WR \Rotbhe \hédebl@MdLILF NQRZOHG.
Note 2: Two parameters of the macro can be adgistepending on the acquisition.
-7KH 3URROLQJ" PXVW EH DGDSWHG DFFRUGLQJ WR
analysed biological structure which vary with the objective used and the zoom used
for theacquistion.
- The ratio range representation is set from 0 to 2 (purple to red). If the variation is
more or less important, the ratiometric range can be adjusted to optimize
representation. In this case, the same range must be applied to all image included
in thecomparisonORGLI\ WKH UDQJH GRQTW PRGLI\ UDZ SLI[H

SUBMITTED MANUSCRIPT



