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Abstract

Despite its significant relevance to drought adaptation, optimization of nutrient acquisition, and carbon sequestration in soil,
genetic factors determining root depth remain poorly explored, mostly due to the limitations of the methods currently
available to estimate it. Although several such methods have been developed for crops, their applicability to large-scale
studies and those involving smaller, more fragile root systems is severely limited. To address this, we have developed
ClearDepth, a simple, non-destructive, low-cost method. In ClearDepth, the root system develops naturally inside the soil
in clear pots. As it expands, secondary roots reach the transparent walls of the pot ("wall roots"), becoming visible. The
shallowness of each wall root is then measured (wall root shallowness, WRS), and the depth of the root system is expressed
as the average of all single WRS measurements. We demonstrated the suitability of ClearDepth for root depth studies using
Arabidopsis thaliana and Oryza sativa (rice), two species with contrasting root system architecture (RSA) and root size. The
robustness and sensitivity of the WRS trait allow us not only to reproducibly discriminate between shallow and deep root
systems but also to detect smaller yet significant differences in depth determined by the influence of environmental factors,
such as light. Here, we present a comprehensive protocol for utilizing this method.

Key features

e  ClearDepth measures the depth of a minimum number of secondary roots, set by the user, to estimate the depth of the
root system.

e The method captures differences of root depth at a spatio-developmental stage rather than at one specific time point
after planting.

e  ClearDepth captures differences in root depth independently of differences in total root biomass.
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Graphical overview

plant in clear pots detect wall roots & measure Wall Root Shallowness (WRS)

DEPTH

Overview of the ClearDepth method for estimations of root depth in soil. In ClearDepth, seedlings are planted in
transparent pots, which allows the detection of roots growing at different depths as they touch the walls of the pot, thus
becoming visible. The shallowness of individual wall roots is then measured and averaged to estimate the depth of the root
system.

Background

Root depth is a trait of great relevance in the adaptation of plants to changes in the content and distribution of nutrients in
the soil. Shallow roots are pivotal for the uptake of nutrients more abundantly found in topsoil layers, like phosphorus [1—
3], whereas deep roots are involved in the uptake of nitrates, which move with water [4,5]. Deep roots have also been shown
to improve plant resilience to drought [6—8] and are a desirable trait for strategies that aim to fight climate change by
increasing carbon storage in the soil [9-11]. Despite its enormous agricultural relevance, the genetic determinants of root
depth are poorly understood. This is largely due to the current lack of methods suitable for mid- and large-scale studies of
root depth in soil. While excavation methods (shovelomics) and imaging techniques like X-ray have proved useful to
estimate the distribution of root biomass across soil depths in crop species, the amount of labor, the complexity of image
analysis, the destructiveness of the methods, and their cost, among other factors, severely limit their use to rather small,
validation experiments [12—17]. Such limitations are even more severe when the study involves species characterized by
small, fragile roots like the model organism Arabidopsis. In recent years, at least two methods for the study of the
Arabidopsis root system architecture (RSA) and root depth in soil have been published. The GLO-Roots method relies on
the use of plants transformed to express the luciferase marker, which allows the imaging of roots growing in thin, soil-filled,
transparent pots [18]. The GLO-RIA software is then used to analyze the images and extract traits such as depth [18]. In
Ogura's method, whole pots containing the root system are sectioned in two halves at the center of the plant, and images of
the exposed roots are obtained and processed for measurements of "shallowness" (standard deviation of all root pixels in x-
axis direction in a picture divided by that in y-axis direction), a proxy for root depth [19]. Although both provide valuable
insights into the genetic control of RSA traits and root depth in Arabidopsis, their applicability is restricted by the need to
use transformants, in one case, and the considerable amount of labor, in the other.

We have recently developed ClearDepth, a conceptually simple, low-cost, and robust method to evaluate root depth in soil
[20]. The method relies on the use of clear pots, allowing the visualization of roots that reach the transparent walls of the
pot ("wall roots") after having grown buried in the soil. Importantly, in our method, the root system develops entirely inside
the soil, in a three-dimensional, natural manner. This contrasts with other methods that rely on the use of rhizotrons, where
the roots grow in a restricted, almost 2D soil environment that severely limits their radial expansion. The shallowness of
each wall root (wall root shallowness, WRS) is measured, and the depth of the root system is expressed as the average of all
single WRS measurements (mean WRS). Deep-rooted and shallow-rooted systems are characterized by relatively low or
high mean WRS values, respectively.

The mean WRS parameter captures differences of root depth at a developmental stage defined by a minimum number of
wall roots or WRS measurements set by the user (in our case, five; Arabidopsis and rice), and not at a specific time after
planting. Importantly, estimates of root depth by the mean WRS parameter are independent of total root biomass, and the
method does not measure root length distribution by depth, typical of, for example, shovelomics-based approaches.
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ClearDepth's second trait, resolution time (RT), considers the temporal aspect of root system expansion in the soil. It is
defined as the time needed for a root system to display the minimum number of wall roots established by the user. Although
less sensitive than the mean WRS parameter to differentiate between shallow and deep root systems, RT can be especially
useful to compare root systems that do not differ significantly in mean WRS: the faster the wall roots appear in deep soil
layers, the deeper the root system.

The value of ClearDepth is not limited to estimations of Arabidopsis' root depth; the method can also be applied to species
characterized by larger, fibrous root systems, like the monocot rice. In addition, the method not only distinguishes between
shallow-rooted and deep-rooted systems but is sensitive enough to detect small differences in root depth determined by the
influence of, for example, an environmental factor like light. ClearDepth’s main limitation is the relatively long times (30—
45 days) that some deep-rooted systems require to display wall roots. This and other aspects of the method, such as the
automation of WRS measurements and the extension of its use to species other than Arabidopsis and rice, are current areas
of improvement and exploration. In conclusion, ClearDepth offers a simple, low-cost, and easily scalable method for robust
and sensitive measurements of root depth in soil-filled pots in controlled environment settings. Here, we provide a detailed
protocol for its use.

Materials and reagents

Biological materials
1. Seeds of the accessions, varieties, mutants or genotypes to evaluate
Reagents

. Murashige and Skoog (MS) basal salts (Caisson, catalog number: MSP01-1KG)
. Sucrose (Fisher Bioreagents, catalog number: BP220-10)

. 1 M KOH (Sigma-Aldrich, catalog number: 244720)

. Phytagel (plantMedia, catalog number: 40000035-3)

. Germicidal ultra bleach (Waxie, catalog number: 170018)

. 1 N HCI (Fisher Scientific, catalog number: SA48-1)

. Sterile (autoclaved) ddH,O

AN AW W

Solutions
1. 1/4 strength MS phytagel medium (see Recipes)
Recipes

1. 1/4 strength MS phytagel medium

Reagent Final concentration Quantity or Volume

MS basal salts 1/4 strength l.lg

Sucrose 1% 10g

Phytagel 1% 10g

ddH,O n/a uptolL
Laboratory supplies

1. 14 x 9-10.7 cm (depth x diameter) pots (Webrestaurant Store) (https:/www.webstaurantstore.com/choice-32-0z-
microwavable-contact-clear-round-deli-container-pack/999RD32BULK .html)

2. 12 x 12 cm plates (Greiner Bio-One, catalog number: 688161)

3. 10 x 15 inch seed germination paper (Nasco Education, catalog number: SB39211)

4. Sunshine Mix 4 soil (Sungro, https://www.sungro.com/retail-product/sunshine-mix-4-aggregate-plus-with-mycorrhizae)

containing a mix of Canadian sphagnum peat moss, perlite, dolomite lime, a proprietary blend of endomycorrhiza,
RESIiLIENCE® for improved resistance to wilting, a wetting agent, and a low phosphorus fertilizer
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5. Sterile 100 mL serological pipettes (Corning Incorporated, catalog number: 4484)

6. Graduated beakers (Grainger, catalog number: 3VEZ3)

7. 1 L graduated Pyrex bottles (Sigma-Aldrich, catalog number: CLS13951L)

8. 3M surgical tape (Micropore, catalog number: 1530-0)

9. Fisherbrand™ fine precision medium tipped tweezers/forceps (Fisher Scientific, catalog number: 12-000-157)
10. 250 mL graduated Pyrex beakers (Sigma-Aldrich, catalog number: CLS1000250)

11. 2 mL microcentrifuge tubes (SealRite, catalog number: 1620-2700)

12. 96-well microtube rack (Sigma-Aldrich, catalog number: 8§780)

13. Sterile 200 pL pipette tips (USA Scientific TipOne®, catalog number: 1110-1730)

Equipment

1. Laminar flow hood (NuAire, model: Nu.425.600)

2. Analytical balance (Bonvoisin, model: HZ50002B)

3. pH meter (Fisher Scientific, model: Accumet AB150)

4. Magnetic stir plate (Fisher Scientific, model: Isotemp) and magnetic stir bars (Fisher Scientific)
5. Pipetboy (VWR, model: Powerpette Plus)

6. Autoclave (Consolidated Sterilizer Systems, CSS, model: 3AV-5)

7. Walk-in growth chamber (Conviron, model: MTPS216) or reach-in vertical growth chamber (Conviron, model: PGC20)
8. Fume Hood (Hanson)

9. Nalgene™ bio-transport carrier (Thermo Scientific, catalog number: 7135-0001)

10. Microwave Oven (Panasonic)

11. Fridge or cold room (Imperial Manufacturing)

12. Water bath (Thermo Fisher, model: Precision 50)

Procedure

A. Preparation of MS phytagel medium plates

1. To prepare 1/4 strength MS phytagel medium, start by mixing and fully dissolving MS basal salts and sucrose (as
described in Recipe 1) in 1 L of ddH»O, in a beaker with a magnetic bar inside, using a magnetic stir plate (300-400 rpm).
Note: The use of heat is not needed to dissolve the MS basal salts and sucrose.

2. Adjust pH to 5.7 using KOH.

Note: The solution containing the dissolved MS basal salts and sucrose typically has a pH in the range 4-5. Use a 1 M KOH
solution to adjust the pH to 5.7 (approximately 100 uL per liter of medium). A 0.1 M KOH solution can be used at the end,
for fine adjusting (approximately 200 uL per liter of medium).

Caution: KOH can cause severe burns and damage to skin, eyes, and lungs.

Pause point: The medium containing MS basal salts and sucrose (without added phytagel) can be stored at 4 °C for up to 2
days.

3. Add 10 g of phytagel and autoclave at 121 °C (20 min for 8 L of medium) after removing the magnetic bar from the bottle
with medium.

Pause point: If necessary, the bottles with autoclaved medium can be stored for up to 4 weeks at 4 °C.

4. Allow the autoclaved medium to cool to approximately 60 °C using a water bath.

Note: If using bottles that were stored at 4 °C, melt the solidified medium in a microwave oven set at medium power level
for approximately 10 min. Swirl at regular intervals.

Caution: Loosen the bottle lids before starting the microwave.

5. Pour the medium onto square plates (50 mL per plate), inside a laminar flow hood, with the help of a Pipetboy and sterile
100 mL serological pipettes. Wait for the medium to solidify, close the plates, and store them at 4 °C until use.

Note: The plates with semi-solid medium can be stored at 4 °C for up to 8 weeks.
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B. Seed sterilization, sowing, and germination

1. Aliquot the Arabidopsis seeds in 2 mL microcentrifuge tubes and place the tubes in a rack.

2. Place the rack with the open tubes into a bio-transport carrier and place the carrier on top of a magnetic stir plate, inside
a fume hood.

3. Inside the fume hood, prepare a mixture of 200 mL of bleach and 5 mL of concentrated HCI in a 250 mL Pyrex beaker
with a stir bar and put it inside the carrier. Close the carrier and start stirring for vapor-phase sterilization of the seeds (300—
400 rpm; no heat).

Caution: HCl is irritating to the eyes and skin. Bleach can cause irritation, burns, and respiratory problems.

4. After 1 h, stop stirring and remove the beaker with the bleach/HC1 mix from the carrier. Put the carrier lid back, slightly
offset to allow the seeds to vent inside the fume hood. After 15-20 min, close the tubes with the sterile seeds.

Pause point: Sterilized seeds can be stored at 4 °C until use.

5. Inside a laminar flow hood, plant the sterilized seeds on semi-solid MS medium plates. To do this, touch a sterile 200 puL
pipette tip to the surface of the gel to allow for the seeds to stick and plant each seed where desired on the plate.

6. Seal the plates using surgical tape and store them for at least 48 h at 4 °C in the dark, for seed stratification.

7. Take the plates with the Arabidopsis seeds to a growth chamber for germination and seedling growth under controlled
environmental conditions [Arabidopsis: 16/8 h light/dark cycle, 100 pmol m?-s™! light intensity (LED), 60% humidity at
21 °C (daytime)/15 °C (nighttime)]. The rice seeds can be sown without previous sterilization in a Petri plate on moist
germination paper for 48 h at 28 °C or room temperature.

C. Planting and launching of the experiment

1. Fill the clear pots with 1.2—1.5 L of soil, depending on the degree of compaction of the soil source in use (Figure 1A). As
you fill it, gently tap the bottom of the pot against the working surface at regular intervals for soil compaction. Ensure that
the pot is completely filled with soil and minimize as much as possible differences in the height of the soil column among
pots.

Figure 1. Planting and seedling development in a typical ClearDepth experiment. (A) Clear pots used in ClearDepth,
before and after filling with soil. (B) 6—7-day-old Arabidopsis seedlings of the Mib-60 natural accession grown in MS
phytagel plates, ready for transplantation into clear pots. (C) Clear pots from an Arabidopsis ClearDepth experiment
conducted under controlled conditions, in a growth chamber [18 days after planting (DAP)]. (D) Example of an Arabidopsis
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(Mib-60) plant grown in a clear pot as part of a ClearDepth experiment (28 DAP). A pipette tip was used to mark the replicate
in the figure as resolved. (E) Example of a rice plant (Kinandang Patong variety) grown in a clear pot as part of a ClearDepth
experiment (13 DAP).

2. Gently pour 100 mL of tap water at the center of the pot filled with soil, in a circular manner (200 mL for rice).

3. Poke a 1.5 cm-deep, 1 cm-wide hole in the soil at the center of the pot. To assist with finding the center, use a piece of
fabric or mesh that fits the circumference of the opening of the pot and has a 1 cm-wide hole in its center.

Note: Ensuring that the seedlings are planted exactly at the center of the pot is important to avoid artifactual differences in
wall root depth among replicates due to more or less proximity of the growing roots to the walls of the pots.

4. Gently plant the pre-germinated, 6—7-day-old Arabidopsis seedlings (Figure 1B) (or 2-day-old rice seedlings) in the carved
hole with the help of tweezers.

5. Pour an additional 100 mL of water (200 mL for rice), peripherally to the transplanted seedling.

6. Move the planted pots to a growth chamber for the start of the experiment [Arabidopsis: 16/8 h light/dark cycle, 100 umol
m?-s' LED, 60% humidity at 21 °C (daytime)/15 °C (nighttime); rice: 16/8 h light/dark cycle, 200 pmol m?-s"' LED at
28 °C (daytime)/23 °C (nighttime)]. Figure 1C—E provides examples of Arabidopsis and rice seedlings as they grow in clear
pots, during typical ClearDepth experiments.

Note: Root growth is known to be highly responsive to fluctuations in environmental factors. We therefore recommend
positioning the pots following a pre-established randomized scheme to disperse the replicates of each genotype in order to
mitigate potential positional effects unequally affecting plant and root growth. We also recommend covering the pots with
a thin layer of a transparent material like Saran wrap for at least two days after planting (DAP), to maintain moisture and
prevent the soil from drying while the freshly transplanted seedlings adapt to the new environment.

7. Gently water the pots twice a week, from above, with 100 mL of tap water (Arabidopsis) each time. For rice, water with
200 mL each time.

D. Measurements of WRS and estimations of root depth

1. Inspect the walls of the clear pots for the presence of wall roots at the pre-established phenotyping timepoints and mark
the wall roots where they first emerge on the pot walls (Figures 2 and 3).

Notes:

1. Once marked, the WRS of individual wall roots can be measured at any time during or at the end of the experiment.

2. It is not possible to exclude the possibility that some wall roots return to the soil after touching the walls and reappear

afterward. To minimize the likelihood of measuring the same wall root twice, consider only those separated by at least 5

mm from the closest neighbor.

3. In rare cases, the wall roots appear as clusters in a specific area of the pot wall as opposed to being scattered throughout
the wall. Discard those replicates.

4. For both Arabidopsis and rice, we set five as the minimum number of wall roots (five single WRS measurements) necessary
to estimate the depth of a root system. If there are fewer than five wall roots at the first time point of the phenotyping schedule,

continue inspecting its walls for more roots for as many time points as needed. A pot or replicate is "resolved” when the
pre-established minimum of wall roots is reached. No further inspection of the pot is needed at that point, and the depth of
the root system can be estimated.

5. The schedule for the WRS measurements is set by the user. The first time point depends on how fast the first wall roots

appear on the walls of the pots. In our experience, this happens around 17—21 DAP for shallow Arabidopsis accessions and
7—10 DAP for shallow rice varieties, but the possibility of an earlier onset in some genotypes should not be excluded. The

method does not set a maximum of wall roots to average for estimations of mean WRS. As often happens, more than five
wall roots can be found on the pot walls, and they should all be considered when estimating the mean WRS, to avoid bias.

That being said, a large number of wall roots considerably extends the time needed to estimate the root depth, as it implies
more individual WRS measurements. We therefore recommend avoiding late starts to the phenotyping phase. The final time
point of the phenotyping schedule will depend on how long it takes for all replicates of all genotypes or experimental groups
to be resolved. In our Arabidopsis studies, some replicates of deep-rooted mutants took as long as 45 days to be resolved,

using our criteria of a minimum of five wall roots. How often pots are inspected for wall roots is also a choice made by the
user. In our conditions, a schedule consisting of only four time points, most typically 21, 24, 28, and 35 DAP, proved effective
for capturing differences in root depth between Arabidopsis genotypes and experimental groups with sensitivity and
reproducibility. In some experiments, 25 and 29 instead of 24 and 28 DAP, respectively, were explored with similar results.

For rice, whose root system typically grows much faster than that of Arabidopsis, we used the following schedules: 7, 10,

14, and 17 DAP, or a daily phenotyping schedule from 10 through 14 DAP.
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Figure 2. Examples of clear pot walls (sections) with Arabidopsis and rice wall roots. (A) Arabidopsis wall roots marked
with light blue and black arrows were detected upon examination of the clear pot 21 and 24 days after planting (DAP),
respectively. (B) Rice wall roots marked with green arrows were detected 13 days after planting. Yellow arrows indicate
examples of straw and other plant materials that are not wall roots.

planting/start of start of end of
experiment phenotyping phase phenotyping phase
0 DAP 21 DAP 24 DAP 28 DAP
no wall roots 2 wall roots 3 wall roots 5 or more wall roots
additional phenotyping additional phenotyping RESOLVED replicate
timepoints needed timepoints needed RT: 28 DAP

Figure 3. Workflow of a typical Arabidopsis ClearDepth experiment. On the day of planting, there are no wall roots on
the walls of the pot. The appearance of the first wall roots marks the start of the phenotyping phase, 21 days after planting
(DAP) in the example. The replicate in the example meets the requirement of five or more wall roots ("resolved") on the
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third pre-established phenotyping timepoint of 28 DAP. Wall roots detected on the first, second, and third timepoints are
marked in black, red, and blue, respectively. RT: resolution time.

2. Measure the soil sinkage level (SSL) of the pot on the phenotyping timepoint when the pot is resolved (Figure 4).

Note: In our experience, watering the pots from above causes the soil column to sink from a few millimeters to more than
one centimeter as the experiment progresses. Because the extent of the sinkage varies from pot to pot and among experiments,
we normalize the WRS measurements by adding the SSL to the mean WRS. We measure the soil sinkage level as the shortest
vertical distance between the upper edge of the pot and the surface of the soil in the center of the pot.

1. measure WRS of wall roots:

1.9,3.8,4.5,6.3, 7.3 and 8.2cm

2. measure SSL of the pot:

0.5cm

3. estimate mean WRS:
(1.9+3.8+45+6.3+7.3+8.2)/6)+0.5=5.8cm

Figure 4. Measurements of wall root shallowness (WRS) and mean WRS. Once a replicate is resolved (5 or more wall
roots), the depth of the root system in the pot can be expressed as the mean WRS or average of the WRS of the individual
wall roots. All measurements are in centimeters. Discontinuous, horizontal black lines indicate the soil sinkage level (SSL).

3. Measure the distance from the bottom of the pot to the point where each wall root first touched the wall (WRS) and
average the individual WRS measurements (mean WRS) (Figure 4).

4. Add the SSL of the pot to its mean WRS to express the depth of the root system in the pot (Figures 4 and 5A).

5. Average the mean WRS of all pots to express the mean WRS of the genotype or experimental group (Figure 5B).
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Figure S. Example of the results of a ClearDepth experiment. Differences in root depth between the Arabidopsis natural
accessions Sha and Mib-60 were assessed using ClearDepth with five replicates ("'r'") per accession. (A) The mean wall root
shallowness (WRS) of each replicate was estimated. Dots represent WRS measurements of individual wall roots in the
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corresponding pot or replicate. (B) The root depth of the two accessions was compared by averaging the mean WRS of the
corresponding replicates in A. Dots represent the mean WRS of individual pots or replicates. According to the results of this
experiment, a root system representative of Mib-60 (mean WRS = 6.6 cm) is significantly deeper than a root system
representative of Sha (mean WRS = 10.5 cm). Center lines show the medians; crosses show the means; box limits indicate
the 25th and 75th percentiles; whiskers extend 1.5 times the interquartile range from the 25th and 75th percentiles. n = 5
replicates. Two asterisks in B denote a statistically significant difference (t-test, p < 0.01).

Data analysis

We recommend a minimum of five pots (replicates) per genotype or experimental group.
Standard Microsoft Excel software was used for data analysis and t-tests. The box plots in Figure 5 were generated using
the statistical platform http://shiny.chemgrid.org/boxplotr/.

Validation of protocol

This protocol has been used and validated in the following research article:
* Ruiz Rosquete et al. [20] ClearDepth: a simple, robust, and low-cost method to assess root depth in soil. The Plant Journal
(Figure 1, Figure 2A—C, Figure 3F—H, Figure 41, Figure 5, Figure 6, and Supplemental Figures 1 and 4).

For the validation of the protocol in the original article cited above, we performed multiple ClearDepth experiments with
the Arabidopsis natural accessions Sha and Mib-60, previously characterized as shallow and deep, respectively [19]. In the
case of rice, the varieties IR64 and Kinandang Patong (KP), previously described as shallow and deep, respectively [21],
were used for validation purposes. The results published in our original article show that ClearDepth, through its main
parameter, mean WRS, found Mib-60 root systems to be significantly deeper than Sha root systems, and KP root systems
to be significantly deeper than IR64 root systems, in accordance with what was previously reported with the use of other
methods [19,21].

General notes and troubleshooting

General notes

1. We validated the ClearDepth method with pots that remained exposed to light throughout the duration of the experiments.
We assessed whether covering the pots to protect the roots from exposure to light alters the mean WRS and found a small
yet significant difference between exposed pots (common procedure) and pots of the same genotype that were covered with
a dark paper to limit exposure to light. Although the difference in mean WRS between covered and exposed replicates was
of the same magnitude in the two Arabidopsis natural accessions tested (Sha and Mib-60), therefore not affecting the
difference in depth between them, we suggest considering or testing the use of covered pots. Also, protecting from light
exposure limits the growth of algae on the walls of the pots, in our experience.

2. We use pre-germinated Arabidopsis and rice seedlings in our ClearDepth experiments to eliminate the possibility of losing
replicates because of no germination, which can be critical for large experiments, including different genotypes and a
restricted number of replicates per genotype. If interested, the user can explore launching the experiment with seeds directly
sown in soil instead of transplanted seedlings.
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