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26  SUMMARY:
27  This protocol describes an original setup combining spectral and fluorescence lifetime
28 measurements to evaluate Forster resonance energy transfer (FRET) between rhodamine-based
29  fluorescent probes and lignin polymer directly in thick plant sections.
30
31 ABSTRACT:
32 In lignocellulosic biomass (LB), the activity of enzymes is limited by the appearance of non-
33  specific interactions with lignin during the hydrolysis process, which maintains enzymes far from
34  their substrate. Characterization of these complex interactions is thus a challenge in complex
35  substrates such as LB. The method here measures molecular interactions between fluorophore-
36  tagged molecules and native autofluorescent lignin, to be revealed by Forster resonance energy
37  transfer (FRET). Contrary to FRET measurements in living cells using two exogenous fluorophores,
38  FRET measurements in plants using lignin is not trivial due to its complex autofluorescence. We
39 have developed an original acquisition and analysis pipeline with correlated observation of two
40 complementary properties of fluorescence: fluorescence emission and lifetime. sFLIM (spectral
41  and fluorescent lifetime imaging microscopy) provides the quantification of these interactions
42  with high sensitivity, revealing different interaction levels between biomolecules and lignin.
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INTRODUCTION:

Hydrolyzing lignocellulose into monomeric sugars such as glucose requires enzymes. Their
activity is known to be restrained by the establishment of non-specific interactions between
enzymes and lignin'?, the latter being a hydrophobic polymer and a major constituent of
lignocellulose3. Thus, quantitatively measuring such interactions directly at the cellular scale is a
challenge that must be addressed to optimize enzyme catalytic activity and lignocellulose pre-
treatment®.

Forster (or fluorescence) resonance energy transfer (FRET) measurement is a method of choice
to asses biomolecules interaction in situ. This non radiative energy transfer can occur between a
donor and an acceptor fluorophore if they fulfill different conditions. The donor emission
spectrum must overlap, at least partially, the acceptors excitation spectrum. The choice of
fluorophores is thus crucial for such experiments. Then, the transfer efficiency decreases with
the sixth power of their distance® and only occurs if both molecules are in close vicinity (typically
in the nanometer range). Other contingency can alter the transfer efficiency such as dipole-dipole
orientation but are mitigated if fluorophores have flexibility.

FRET can be measured by different techniques and detailed descriptions can be found in
literature®’. In brief, the main methods rely on: i) sensitized emission in which the variation in
acceptor emission fluorescence is followed and provides mainly qualitative results; ii) acceptor
photobleaching in which the donor emission fluorescence is measured before and after acceptor
photobleaching (In this case, more precise FRET estimates can be achieved but require strong
laser power applied to fixed samples); and iii) lifetime measurement that decreases for the donor
in the presence of the acceptor. This method requires specific instruments and allows precise
and sensitive interaction measurements between fluorophores. Considering the FRET
measurement between fluorescent probes and lignocellulose, the main difficulty is that
lignocellulose is not a single well characterized fluorophore: it has a strong native and spectrally-
wide autofluorescence, mainly originating from lignin, and dependent on biomass species®?.

In this paper, we propose a new and original procedure adapted to sections of wood/plant
samples. This sFLIM based method opens the way to quantitative FRET measurements between
fluorescent probes and lignin in native lignocellulose samples.

PROTOCOL:

1. Sample preparation

NOTE: Successive steps for preparing the samples are described in Figure 1.

1.1. Plant sample preparation

1.1.1. From wood trunks or fragments, cut 1 cm long samples with razor blades without
damaging their structure.
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1.1.2. Embed samples in polyethylene glycol (PEG) medium, by dipping them in successive
solutions of increasing PEG concentration diluted in water until reaching 100% PEG.

1.1.2.1. Place sample under vacuum to remove water.

1.1.2.2. Gently stir samples in 30% v/v PEG for 24 h.

1.1.23. Gently stir samples in 50% v/v PEG for 24 h.

1.1.2.4. Gently stir samples in 100% PEG for 24 h at 70 °C (pure PEG is solid at room
temperature).

1.1.3. Place samples in capsules at 70 °C (on a hot plate) and progressively decrease
temperature until reaching room temperature.

1.1.4. Prepare carefully 30-60 um thickness flat sections from these PEG blocks using a
microtome and disposables blades.

1.1.5. Collect and wash sections in three successive baths of water for 5 min to remove PEG
from the sections.

1.2. Fluorescent probe preparation
1.2.1. Prepare buffer solution of 30 mM phosphate at pH 6.0.
1.2.2. Weigh PEG and dextran rhodamine probe powder.

1.2.3. Dissolve probe powder into the buffer with continuous stirring in a glass vial for 1 h in the
dark at a final concentration of 0.1 g/L.

1.3. Plant sample staining

1.3.1. Incubate sections with 500 uL of the fluorescent probe (see 1.2.3) for 72 h (no stirring) in
a plastic tube (no more than 3 sections per tube) in the dark.

1.3.2. Pick-up a section with a brush, adsorb the buffer with a clean sheet (avoid drying the
section), and then mount the incubated sections between a cover glass and a #1.5H coverslip.

2. Fluorescence lifetime and spectral measurement system calibration
NOTE: The complete workflow for sFLIM measurement is presented in Figure 2.

2.1. Determine the spectral window width of the sFLIM detector.
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2.1.1. Put urea crystals in a culture box with a 0.17 um glass bottom.

2.1.2. Place the culture box on a microscope sample holder and select the 20x objective.

2.1.3. Select a Ti:Sa laser with a 900 nm wavelength and 10% power, and turn on the scanning.
2.1.4. Collect the second harmonic signal on the sFLIM detector.

NOTE: The second harmonic signal is emitted at exactly half excitation wavelength of 450 nm;
while instantaneous, this measure also provides the instrumental response function of the

system.

2.1.5. Gradually adjust the laser excitation wavelength from 900 to 980 nm until the second
harmonic signal is collected in the second spectral channel (462.5 nm).

2.1.6. Determine the spectral window length (12.5 nm).
2.1.7. If the spectral range differs from what is expected, troubleshoot by doing the following.
2.1.7.1. Adjust the laser to 910 nm.

2.1.7.2. Move the grating position with a scroll wheel to measure the second harmonic
signal on the first channel only (first channel boundary).

2.1.7.3. Adjust the laser to 935 nm.

2.1.7.4. Move the grating position with a scroll wheel to measure the second harmonic
signal on the first channel only (second channel boundary).

2.2.  Calibration of the overall spectrometer channels
2.2.1. Insert the mirror on the microscope stage.
2.2.2. Select the visible continuous laser (458 nm, 1% power).

2.2.3. Collect the reflection signal on the sFLIM detector and check if photons are measured in
the appropriate spectral channel.

2.2.4. Repeat step 2.2.2 and 2.2.3 with all available continuous lasers (514 nm, 561 nm and 633
nm).

2.2.5. If the spectral channel differs from what is expected, move the grating position with the
scroll wheel and repeat steps 2.1 and 2.2.
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3. Sample fluorescence characterization

3.1. In a spectrofluorometer equipped with a film holder accessory (e.g., Jasco FP-8500
instrument), place the plant section sample (not incubated with the fluorescent probe).

3.2. Measure fluorescence emission typically on the range 300-600 nm while exciting the
sample typically on the range 250-550 nm.

3.3.  Plot the fluorescence intensity versus excitation and emission wavelengths to draw a 3D
fluorescence map.

3.4. Determine the maximum excitation/emission area from the plot.

4, Spectral FRET measurement

4.1. Autofluorescence calibration

4.1.1. Select the objective 20x (NA: 0.8).

4.1.2. Setthe two-photon laser excitation at 750 nm.

4.1.3. Place the wheat straw (WS) alone plant section between the slide and the coverslip.

4.1.4. Apply the following parameters in the software. Switch to lambda mode. Select the
spectral detector ChS with a 9.7 nm resolution. Select the spectral range between 420 to 722 nm.

4.1.5. Acquire the image.

4.1.6. Determine the donor emission peak (470 nm with this setup).

4.2.  Acceptor’s calibration

4.2.1. Place rhodamine-based fluorescent probes in a culture box with a 0.17 um glass bottom.
4.2.2. Acquire the image with the same setting.

4.2.3. Determine the acceptor emission peak (570 nm with this setup).

4.3. Determine the spectral range with the maximum “WS alone” signal and no acceptor signal
as the donor only emission for sFLIM measurements (460-490 nm with this setup).

4.4. Sample measurement

4.4.1. Place the stained plant section between the slide and the coverslip.
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4.4.2. Acquire the image with the same setting.

4.4.3. Save the ism file.

4.4.4. Qualitatively associate a strong FRET event with a decrease in donor emission peak
compared to the “WS alone sample” and an increase in the acceptor emission peak compared to
the rhodamine sample.

5. SFLIM measurements

NOTE: For the sFLIM setup, the system used is a time domain sFLIM setup as described
previously®. An upright microscope and various time correlated single photon counting cards
and confocal microscope manufacturers can be used and the protocol should be adapted
accordingly.

5.1.  Switch the system to sFLIM mode.

5.1.1. Set the confocal microscope as described in 4.1.1 and 4.1.2.

5.1.2. Switch to the Non-Descanned mode in the software to send fluorescent photons to the
sFLIM detector.

5.1.3. Set the sFLIM acquisition to the Enable mode to allow photon counting on the SPC150.
5.1.4. Select 30 s time collection on SPC150.

5.1.5. Check that the CFD is between 1 x 10° and 1 x 10°.

CAUTION: Ensure that the number of photons measured on the TCSPC card is always less than
1% of the laser excitation frequency (in this setup, the laser excitation frequency is 80 Mhz and
detection rate cannot exceed 800 kHz in any pixel to avoid a pile up effect!?).

5.2.  Place the “WS alone” plant section between the slide and the coverslip.

5.2.1. Set the software to Continuous mode to allow the laser scan.

5.2.2. Choose the measurement area on the sample.

5.2.3. Click Start on the SPC150.

5.2.4. Save the sdt file.

5.2.5. Repeat the process for at least 10 samples per condition.
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5.3.  Place the stained plant section between the slide and the coverslip.
5.3.1. Repeatsteps 5.2.1-5.2.5.
6. sFLIM analysis

6.1. Select sFLIM data acquired file on “WS alone” and import them to the SPCimage software
using File | Import.

6.2. Select fit parameters.

6.2.1. From Option | Model, select Incomplete multi-exponentials: 12.5 ns.
6.2.2. From Option | Preferences, select Calculate Instrumental Response automatically.
6.2.3. From main panel’s right menu, select the 2 exponential fit model:
-t 1 -t 1
F(t) = IRF® (aletl 1 +1_T +a2€t2 1 +1_T )
elr —1 el —1

6.3.  For each channel, apply the fitting model and save the fit parameters to a spreadsheet
(a1, a, t1, t2).

6.4. For comparison between channels and experiments, calculate the mean fluorescence
lifetime in a spreadsheet (Tm):

at; + axt,

m a, +a,

6.5. Calculate the mean lifetime for all samples (at least 10) in all channels.

6.5.1. Analyze Tm on donor channels (from channel 1 to 3: 460-490 nm) and determine the
dedicated channel (Channel 2 corresponding to 467.5 - 480 nm) that shows the highest photon
number and corresponds to lignin maximum emission. Values from channel 2 must be used in
step 6.7.

6.6.  Select sFLIM data acquired file on stained WS and import them to the SPCimage software.

6.6.1. Repeat steps 6.1-6.4.

6.7. Calculate the FRET efficiency Errer for the donor in the previous selected channel WS Alone
(Tmp) and from stained plant sample (Tmpa):
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TmDA

Epger = 1 — T
mD

6.8. Compare sFLIM and Errer values between the WS and the sample.

6.8.1. Consider a positive Errer associated with a homogeneous lifetime decrease between WS
and the sample to be analyzed as a FRET event (see representative results and works by Spriet et
al.!2 and Terryn et al.1% for details).

6.8.2. Consider a lifetime decrease distributed differently to be due to a mix of FRET and lignin
compaction level and do not interpret as molecular interactions.

6.8.3. Consider no lifetime modification as an absence of measurable FRET signal, but not as a
lack of interaction with lignin

REPRESENTATIVE RESULTS:

To demonstrate the sFLIM capability to dissect molecular interactions between lignin and
fluorescently-tagged molecules, we first used three different samples (Figure 3): native wheat
straw (WS), native wheat straw incubated with PEG tagged with rhodamine (PR10), and native
wheat straw with dextran tagged with rhodamine (DR10). PR10 is known to interact with lignin
while DR10 is supposed to be inert3-1>, sFLIM curves (Figure 3, top) show some modifications
that can be achieved between the reference sample (WS) and two interaction cases (DR10 and
PR10). Indeed, one can first easily notice the fluorescence increase in spectral regions
corresponding to the rhodamine emission range. Careful observation of the three first channel
photon decay curves also reveals a stronger inflection for DR10 than for PR10. After fitting the
photon decay curves and calculating each channel mean fluorescence lifetime, the FRET
signature becomes more obvious (Figure 3, bottom). Indeed, while the fluorescence lifetime
alternatively increases and decreases along the fluorescence spectrum for the WS sample, a clear
FRET signature is observed for both PR10 and DR10 with: 1) a constant lifetime value in the donor-
only emission channel (3 first channels, in blue); and 2) an increasing fluorescence lifetime in the
spectral channel corresponding to an increasing contribution of the high lifetime donor
fluorophore.

Once unambiguous FRET has been determined, comparison of lignin fluorescence lifetime
(channel 2) allows quantification of the lifetime decrease between WS (0.47 ns), DR10 (0.42 ns)
and PR10 (0.36 ns) and thus, reveals molecular interactions between lignin and both PR10 and
DR10 with a stronger affinity for PR10.

To illustrate the relevance of this method to quantify different interaction levels, we choose three
other samples, mimicking enzyme accessibility upon treated plant samples: acid-treated WS
(AWS), in combination with PR of two contrasted molecular weights of 5 kDa and 20 kDa (PR5
and PR20). After careful inspection of sFLIM signatures, lignin fluorescence lifetime is extracted
(Figure 4). As previously stated, lignin fluorescence lifetime can be altered by its environment!®17,
After acid treatment, the fluorescence lifetime measures in AWS (0.28 ns) becomes lower than
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previously measured for WS (0.47 ns), which confirms the requirement of the sFLIM procedure
for unambiguous interpretation of lifetime decrease and the need for negative controls for each
tested condition. As expected, a strong lifetime decrease is observed when adding PR to the AWS
while it interacts with the lignin. Furthermore, the interaction is stronger with PR5 (0.14 ns)
compared to PR20 (0.16 ns), which is consistent with their hydrodynamic radius measurement
(2.3 nmand 4.8 nm for PR5 and PR20, respectively), inducing different steric constraints and thus
higher accessibility of PR5 to lignin.

Both experiments demonstrate the relevancy of this method to finely assess lignin interactions
with enzymes, depending on their size and on plant samples pre-treatment.

FIGURE AND TABLE LEGENDS:

Figure 1: Different preparation steps of the samples. Wheat straw (WS) (A) is first reduced in
size (B) to be embedded in PEG medium (C). The block is cut using a microtome equipped with
disposable blades (D). After washing, resulting sections (E) are placed for incubation in PEG or
dextran tagged-rhodamine solution (F). Labelled sections are mounted for sFLIM measurements
(G). Scale bars are 2 cm (A), 1 cm (B and C), 200 um (E and G).

Figure 2: Complete workflow of spectral FRET- based interactions measurements. The figure
presents the setup combining spectral fluorescence intensity and lifetime measurements.
Spectral fluorescence images are acquired with a confocal microscope, and sequentially
fluorescence lifetimes for each spectral range are measured with the sFLIM detector. Analysis of
photon decay curves allows accurate determination of interactions between the sample and
molecules of interest. Calibrations have to be processed to avoid artefacts. First, the sFLIM
detector needs to be spectrally calibrated and its instrumental response function has to be
checked. Second, the complex autofluorescence signal has to be precisely calibrated for each
sample to determine the fluorescence lifetime in each channel before addition of an acceptor
molecule.

Figure 3: Representative sFLIM measurements. sFLIM curves (top panel) were acquired on
native wheat straw (WS), WS incubated with PEG tagged with rhodamine (WS+PEG) and native
wheat straw with dextran tagged with rhodamine (WS+DEX). For each sample, sFLIM curves were
fitted with a bi-exponential decay model and the mean fluorescence lifetime was calculated for
each channel (bottom panel). WS+PEG and WS+DEX samples present a decrease in the
fluorescence lifetime in the channel corresponding to autofluorescence only (three first bars)
associated with a lifetime increase in channel corresponding to a mixed emission of
autofluorescence and rhodamine. This behavior is characteristic of a FRET event between lignin
and rhodamine-tagged molecules.

Figure 4: Fluorescence lifetime analysis of the channel corresponding to lignin
autofluorescence. After validating a FRET event based on sFLIM signature, mean fluorescence
lifetime was measured on acid-treated WS (AWS), in combination with PR5 or PR20 (5 kDa and
20 kDa, respectively). While both PR samples present a lifetime decrease, the smaller is
characterized by a stronger lifetime reduction, revealing a stronger molecular interaction with
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lignin. The method is thus sensitive enough to discriminate between both (mean value and
standard error are represented, n>10 per condition).

DISCUSSION:

Correlating fluorescence lifetime and emission spectrum measurements allows combining
advantages of both methods. Indeed, spectral measurements alone lack sensitivity and remain
gualitative. On the other hand, fluorescence lifetime is the method of choice for traditional
guantitative FRET measurements, but it was demonstrated that lignin autofluorescence could
vary depending on lignin composition and environment!®. Thus, lignin interactions with an
acceptor or lignin structural changes cannot be discriminated since they both result in a lifetime
decrease. As demonstrated, the developed method provides unambiguous, sensitive and
guantitative measurement of interaction between lignin and acceptor molecules in plant
sections. Even if the different steps of the method were rigorously optimized, caution must be
particularly taken for the following points.

Regarding the samples, the quality of the plant section is critical to ensure in-focus imaging. The
different steps for PEG embedding should be strictly followed. The final washing step is essential
to ensure no interference from PEG remaining in the samples. Furthermore, buffer concentration
and pH should be kept strictly identical for all measurements since any change can have a strong
impact on fluorescence properties.

Lifetime measurement can also be delicate. Fluorescence lifetime of the donor can be unstable,
for instance because of a high excitation. In such a case, tuning the laser power and the zoom
can fix the issue. Another well-known source of artefacts in TCSPC measurements is photon pulse
pile-up. Indeed, TCSPC cannot measure the speed of two photons emitted between the same
two laser pulses. While plant samples are highly structured, the fluorescence is not homogeneous
and can lead to a hidden pulse pileup effect. While the number of photons per second remains
below the 1% excitation limit, it can be higher in some sample areas. To ensure no pileup
experiments, measuring the donor fluorescence lifetime at a different photon flux can be
considered. If the lifetime increases while the flux decreases, a pileup effect is altering
measurements. Optimal photon flux is reached with donor’s lifetime stability.

Regarding sFLIM decay curve analysis, we recommend relying on each individual curve fit to
ensure that the model accurately describes measurements. If it is not the case, first ensure that
none of the previously mentioned artefacts have corrupted the data. Then, step 2.1.4 provides
the instrumental response function (IRF) of the system. If IRF presents some anomalies, optimize
the optical path to minimize them. A measured IRF for fitting during step 6.2 can also be used.
Finally, the fitting model’s degrees of freedom can be increased to a three-exponential decay in
step 6.2. However, the number of photons required for individual lifetime and proportion
determination is high and it is thus recommended only using them to achieve a more stable mean
lifetime from step 6.4. More exhaustive information on FLIM, its characterization'®, sFLIM and its
application!? notably to lignin1®, can be found in the literature.



435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478

Although challenging, FRET measurement in plant tissues using native autofluorescence shows
some advantages. In comparison to FRET measurements performed on living tissues in which
interaction studies between biomolecules often requires genetic engineering to express intrinsic
fluorescent markers, lignified plant tissues as those presented here, offer natural
autofluorescence, and extrinsic partner fluorescent probes can be easily added, saving much
time. However, depending on the analyzed plant species and on possible pre-treatments carried
out, autofluorescence is likely to be modified, so that it needs to be carefully characterized and
fluorophore used as probes might need to be adapted.

The sFLIM method must be applied to fluorescent probes lacking catalytic activity (PEG and
dextran). In the frame of plant lignocellulose hydrolysis, interactions of enzymes in various
biomass samples could be performed, possibly resulting in the determination of the impact of
localization (cells and tissues) on the interaction strength. The next optimization step will be
automation of the analysis step. Indeed, with enough analyzed data, a machine learning-based
analysis procedure could be deployed for automated phenotype analysis, which would increase
its amenability to fast enzyme-biomass efficiency screening. Furthermore, sFLIM does not require
fixation of the sample and can be easily applied to dynamic enzyme-lignin interaction studies.
Such a unique method is likely to guide enzyme engineering strategy and biomass pre-treatment
to optimize lignocellulose valorization.
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Confocal microscope ZEISS
fine brush
glass vials
high precision microscope cover glasses 170+/-5um
gnp E 8 /51 Marienfeld
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Infra-red pulsed laser COHERENT
Micropipette Research Plus monocanal 20-200ulL Eppendorf
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Microscope slides ca. 76 x 26 mm ground edges Thermo Fisher
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Aldrich)

rotary microtome
sFLim detector
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Title of Article: Measuring interactions between fluorescent probes and lignin in plant sections
bv FRET-SLiM based on native autofluorescence
Christine Terryn, Anouck Habrant, Gabriel Paés*, Corentin Spriet*

Author(s):

ltem 1: The Author elects to have the Materials be made available (as described at
http://www.jove.com/publish) via:

DStandard Access X Open Access

Item 2: Please select one of the following items:

X _ The Author is NOT a United States government employee.

The Author is a United States government employee and the Materials were prepared in the
course of his or her duties as a United States government employee.

DThe Author is a United States government employee but the Materials were NOT prepared in the
course of his or her duties as a United States government employee.

ARTICLE AND VIDEO LICENSE AGREEMENT

¥ Defined Terms. As used in this Article and Video of the Article, and in which the Author may or may not
License Agreement, the following terms shall have the appear.

following meanings: “Agreement” means this Article and 2 Background. The Author, who is the author of the
Video License Agreement; “Article” means the article Article, in order to ensure the dissemination and protection
specified on the last page of this Agreement, including any of the Article, desires to have the JoVE publish the Article
associated materials such as texts, figures, tahles, artwork, and create and transmit videos based on the Article. in
abstracts, or summaries contained therein; “Author” furtherance of such goals, the Parties desire to memorialize
means the author who is a signatory to this Agreement; in this Agreement the respective rights of each Party in and
“Collective Work” means a work, such as a periodical issue, to the Article and the Video.

anthology or encyclopedia, in which the Materials in their 3. Grant of Rights in Article. In censideration of JoVE
entirety in unmodified form, along with a number of other agreeing to publish the Article, the Author here by grants to
contributions, constituting separate and independent JoVE, subject to Sections 4 and 7 helow, the exclusive,
works in themselves, are assembled into a collective whole; royalty-free, perpetual (for the full term of copyright in the
“CRC License” means the Creative Commons Attribution- Article, including any extensions thereto) license (a) to
Nen Commercial-No Derivs 3.0 Unported Agreement, the publish, reproduce, distribute, display and store the Article
terms and conditions of which can be found at: in all forms, formats and media whether now known or
http://creativecommons‘org/ficenses/by-nc— hereafter developed (including without limitation in print,
nd/3.0/legalcode; “Derivative Work” means a work based digital and electronic form) throughout the world, {b) to
upon the Materials or upen the Materials and other pre- translate the Article into other languages, create
existing works, such as a translation, musical arrangement, adaptations, summaries ar extracts of the Article or other
dramatization, fictionalization, motion picture version, Derivative Works {including, without limitation, the Video)
sound  recording, art reproduction, abridgment, or Collective Warks based on all or any portion of the Article
condensation, or any other form in which the Materials may and exercise all of the rights set forth in (2) above in such
be recast, transformed, or adapted; “Institution” means translations, adaptations, summaries, extracts, Derivative
the institution, listed on the last page of this Agreement, by Works or Collective Works and(c) to license others to do any
which the Author was employed at the time of the creation or all of the above. The foregoing rights may be exercised in
of the Materials; “JoVE” means Mylove Corporation, a all media and formats, whather now known or hereafter
Massachusetts corporation and the publisher of The Journal devised, and include the right to make such modifications
of Visualized Experiments; “Materials” means the Article as are technically necessary to exercise the rights in other
and / or the Video; “Parties” means the Author and JoVE; media and formats. If the “Open Access” box has been
“Videa” means any video(s} made by the Author, alone or checked in ltem 1 above, JoVE and the Author hereby grant
in conjunction with any other parties, ar by JoVE or its to the public all such rights in the Article as provided in, but
affiliates or agents, individually or in collaboration with the subject to all limitations and requirements set forth in, the
Author or any other parties, incorporating all or any portion CRC License.
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4. Retention of Rights in Article. Notwithstanding
the exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in
each case provided that a link to the Article on the JoVE
website is provided and notice of JoVE’s copyright in the
Article is included. All non-copyright intellectual property
rights in and to the Article, such as patent rights, shall
remain with the Author.

5. Grant of Rights in Video ~ Standard Access. This
Section 5 applies if the “Standard Access” box has been
checked in Item 1 above or if no box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author
hereby acknowledges and agrees that, Subject to Section 7
below, JoVE is and shall be the sole and exclusive owner of
all rights of any nature, including, without limitation, all
copyrights, in and to the Video. To the extent that, by law,
the Author is deemed, now or at any time in the future, to
have any rights of any nature in or to the Video, the Author
hereby disclaims all such rights and transfers all such rights
to JoVE.

6. Grant of Rights in Video — Open Access. This
Section 6 applies only if the “Open Access” box has been
checked in Item 1 above. In consideration of JoVE agreeing
to produce, display or otherwise assist with the Video, the
Author hereby grants to JoVE, subject to Section 7 below,
the exclusive, royalty-free, perpetual (for the full term of
copyright in the Article, including any extensions thereto)
license (a) to publish, reproduce, distribute, display and
store the Video in all forms, formats and media whether
now known or hereafter developed (including without
limitation in print, digital and electronic form) throughout
the world, (b) to translate the Video into other languages,
create adaptations, summaries or extracts of the Video or
other Derivative Works or Collective Warks based on all or
any portion of the Video and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works
and (c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically
necessary to exercise the rights in other media and formats,
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is g United
States government employee and the Article was prepared
in the course of his or her duties as a United States
government employee, as indicated in item 2 above, and
any of the licenses or grants granted by the Author
hereunder exceed the scope of the 17 U.S.C. 403, then the
rights granted hereunder shall be limited to the maximum

ARTICLE AND VIDEO LICENSE AGREEMENT

rights permitted under such statute. In such case, all
provisions contained herein that are not in conflict with
such statute shall remain in full force and effect, and all
provisions contained herein that do so conflict shall he
deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Protection of the Work. The Author(s) autharize
JoVE to take steps in the Author(s) name and on their behalf
if JoVE believes some third party could be infringing or
might infringe the copyright of either the Author's Article
and/or Video.

S. Likeness, Privacy, Personality. The Author hereby
grants JoVE the right to use the Author's name, voice,
likeness, picture, photograph, image, biography and
performance in any way, commercial or otherwise, in
connection with the Materials and the sale, promotion and
distribution thereof. The Author hereby waives any and all
rights he or she may have, relating to his or her appearance
in the Video or otherwise relating to the Materials, under
all applicable privacy, likeness, personality or similar laws.
10. Author Warranties. The Author represents and
warrants that the Article is original, that it has not been
published, that the copyright interest is owned by the
Author {or, if more than one author is listed at the beginning
of this Agreement, by such authors collectively) and has not
been assigned, licensed, or otherwise transferred to any
other party. The Author represents and warrants that the
author(s) listed at the top of this Agreement are the only
authars of the Materials. If more than one author is listed
at the top of this Agreement and if any such author has not
entered into a separate Article and Video License
Agreement with JoVE relating to the Materials, the Author
represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to hind him or her with
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants
that the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and

" animal treatment, privacy, and all other rules, regulations,

laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional
review board.

i JoVE Discretion. If the Author requests the
assistance of JoVE in producing the Video in the Author's
facility, the Author shall ensure that the presence‘ of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JoVE may, in its sole
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discretion, elect not take any action with respect to the
Article until such time as it has received complete, executed
Article and Video License Agreements from each such
author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to
accept or decline any work submitted to JoVE. JoVE and its
employees, agents and independent cantractors shall have
full, unfettered access to the facilities of the Author or of
the Author’s institution as necessary to make the Videg,
whether actually published or not. JoVE has sole discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.

12. Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees o indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney's fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to
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the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the
respansibility of the Author and shall be undertaken at the
Author’s expense. All indemnifications provided herein
shall include JoVE's attorney’s fees and costs related to said
losses or damages. Such indemnification and holding
harmless shall include such losses or damages incurred by,
or in connection with, acts or omissions of JoVE, its
employees, agents or independent contractors.

13: Fees. To cover the cost incurred for publication,
JoVE must receive payment before production and
publication the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a US$1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.

14. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an original signed copy
of this Agreement.

A signed copy of this document must be sent with all new submissions. Only ane Agreement is required per submission.

CORRESPONDING AUTHOR
Name:
SPRIET Corentin
Department:
UMR 8576
InsHtETan: CNRS-Université de Lille
Title: Dr
Signature: T Date: | 28/02/2019

Please submit a signed and dated copy of this license by one of the following three methods:
1. Upload an electronic version on the JoVE submission site

2. Faxthe document to +1.866.381.2236

3. Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02140
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Rebuttal Letter Click here to access/download;Rebuttal Letter;revision2.docx %

Dear editor,

Please find the description, tracked in red, of the last improvements we made on our manuscript.
We hope that it will know be suitable for publication in JoVE.

Best regards,

Corentin

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are
no spelling or grammar issues.

Done
2. Do not embed equations as images. Instead use the equation builder in MS Word.
Done

3. Step 6.3: Please ensure that all text is written in the imperative tense. The Protocol should
contain only action items that direct the reader to do something. Please move the discussion
about the protocol to the Discussion.

The 6.3 section has been modified accordingly. We have shortened and turned into the
imperative tense the sentence, the discussion was already developed in the discussion section.

4. Steps 6.1.1-6.1.5: Is a graphical user interface used in these steps? If yes, please mention what
button is clicked on in the software, or which menu items need to be selected to perform the
step. If a command window is used, please specify the command.

Indeed, the section has been developed to precisely describe buttons and menus that need to be
used.
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