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Figure S1. Wounding approach and wound periderm formation. (a) Representative
wounded tree showing removed bark periderm. Sixteen 7 mm-diameter punches from
hybrid poplar bark were removed from each tree. Red arrows indicate where samples that
are seen in this picture were taken. (b) Schematic representing the wound infringed on the
poplar bark (to a 1 mm depth from the edge). (b) Diagram representing the ligno-suber-
ized closing layer formed by suberization of existing phloem cells and a new wound per-
iderm developed internally to the closing layer. Diagrams shown in (b) and (c) were cre-
ated with BioRender.com.
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Table S1. Wax components extracted by chloroform immersion at days 0-14 post wound-
ing. The average from three biological replicates and SD are reported; concentration units
are pg/cm? MAG: monoacylglycerols.

wounging._Acide SO Aleohais S0 Sterls SD_MAG D
0 14.8 2.6 1.9 0.9 12.9 11.5 0.0 0.0
1 18.3 3.2 2.8 04 360 9.6 2.7 24
2 30.8 4.2 52 1.0 329 5.6 7.6 5.0
3 18.8 2.8 3.1 1.2 15.4 116 24 0.8
4 18.8 4.3 3.4 07 172 3.2 2.0 0.7
5 9.0 0.8 1.7 0.6 8.9 6.3 0.9 0.2
6 14.9 2.7 3.6 0.5 15.1 3.9 1.8 0.5
7 10.7 1.9 5.4 2.2 12.6 3.2 2.6 0.5
8 37.4 4.3 4.9 3.5 15.4 0.7 4.7 2.2
9 15.2 4.2 5.1 1.6 12.5 9.6 1.7 0.7
10 14.5 2.0 7.3 2.2 17.5 5.9 2.2 0.4
11 15.8 2.7 14.6 54 214 0.7 3.6 0.7
12 25.2 4.3 9.7 4.6 17.6 2.0 34 0.9
13 18.7 2.7 11.4 6.5 15.8 0.9 2.5 0.7

14 14.7 49 4.4 1.4 10.5 3.5 1.3 0.3
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Table S2. Suberin monomer composition (mole %) at days 0-14 post wounding. The average from
three biological replicates and SE are reported; concentration units are pmol/cm?. HCAs: hy-
droxycinnamic acids.

Day post wounding
Day 0 Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7
Mol Mol Mol Mol Mol Mol Mol Mol
SE SE SE SE SE SE SE SE
Suberin monomer % % % % % % % %
Coumaric
Acid cis 10.9 2.3 8.8 27 6.0 1.9 7.1 20 103 1.5 7.6 2.0 58 15 58 1.0
Coumaric
HCAs Acidtrans 309 105 371 147 325 114 3238 88 398 70 180 41 228 69 233 79
Ferulic
Acid 3.0 1.0 23 0.6 2.7 1.3 25 040 32 1.2 45 0.6 32 06 34 04
Total 449 10.8  48.1 149 412 11.6 424 9.0 533 73 300 46 319 71 325 8.0
16:0 242 3.3 16.7 49 10.9 1.7 168 7.3 13.1 1.5 12.3 3.0 133 26 126 25
18:0 14.6 4.6 7.5 2.8 49 1.3 8.1 5.6 4.1 1.1 43 1.0 45 12 79 3.0
20:0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 07 01 1.0 03
Fatty 15.
Acids 5y 0.0 0.0 2.0 0.8 3.6 12 2.8 0.1 7.1 4.4 5.8 04 204 6 6.0 09
24:0 0.0 0.0 0.5 0.5 1.4 0.6 1.2 0.3 0.7 0.2 14 0.3 07 02 1.1 01
15.
Total 38.8 56 268 57 208 25 289 92 250 48 237 32 395 8 285 4.0
16:0 85 32 93 29 127 37 109 05 88 23 179 14 131 39 182 16
18:1 0.7 0.7 2.7 1.3 48 2.5 3.2 0.8 2.3 0.7 55 0.9 35 15 55 05
Dicarbo- 18:0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.8 0.1 03 03 09 01
xylic Acid 5.9 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00
22:0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00 0.0 00
Total 9.2 3.3 12.0 3.2 17.5 45 14.2 1.0 11.1 24 241 1.6 169 42 247 17
16-OH
16:0 6.4 1.7 9.7 2.8 13.1 43 10.0 1.0 8.0 1.2 14.8 53 85 3.6 93 08
18-OH
18:1 0.7 0.7 29 1.3 6.3 3.7 3.6 1.1 1.6 0.5 53 2.3 21 11 33 02
18-OH
Hydroxy
18:0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00 0.0 00
Fatty
20-OH
Acids
20:0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00 0.0 00
22-OH
22:0 0.0 0.0 0.5 0.5 1.2 0.5 1.0 0.1 1.1 0.3 1.9 0.2 1.1 04 1.7 03
24-OH
24:0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.2 0.0 00 0.0 00
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Total 7.1 1.8 131 31 205 57 146 1.5 107 14 221 57 1.7 37 143 09
1-OH 20:0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00 0.0 00
Ali?)tl:)(])ls 1-OH 22:0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00 0.0 0.0
Table S2 (Continued). Suberin monomer composition (mole %) at days 0-28 post wounding. The
average from three biological replicates and SE are reported; concentration units are pmol/cm?.
HCAs: hydroxycinnamic acids.
Day post wounding
Day 8 Day 9 Day 10 Day 11 Day 12 Day 13 Day 14
Mol Mol Mol Mol Mol Mol Mol S
Suberin monomer % SF % o % oF % oF % oF % oF % E
Coumaric 0. 0 0. 0 0. 0.
Acid cis 70 6 51 07 28 7 29 4 23 7 12 2 15 5
Coumaric 1. 4 2. 5 1. 2.
Acid trans 352 9 205 3.8 137 1 128 2 137 9 64 6 67 6
HCAs
0. 0 0. 0 0. 0.
Ferulic Acid 35 5 37 04 27 6 34 3 34 5 28 2 30 1
2. 4 2. 5 1. 2.
Total 457 1 293 38 192 2 191 3 194 9 104 6 112 6
1. 0 1. 0 1. 0.
16:0 129 2 85 1.1 78 1 76 8 56 7 66 0 46 8
0. 0 0. 0 0. 0.
18:0 38 5 17 02 25 8 19 5 1.8 3 14 3 1.0 0
0. 0 0. 0 0. 0.
Fatty 20:0 07 1 06 0.0 09 0 06 1 06 1 05 0 06 1
Acids 0. 7 0. 0 1. 0.
22:0 41 0 50 05 125 4 59 4 56 5 63 0 71 7
0. 0 0. 0 0. 0.
24:0 06 0 07 0.1 11 1 09 1 07 1 09 1 1.0 1
1. 7 1. 0 1. 1.
Total 222 3 166 1.3 248 4 170 9 143 9 157 5 143 0
1. 1 0. 1 0. 0.
16:0 173 7 233 08 235 4 257 9 251 1 279 4 277 8
0. 0 1. 1 0. 0.
Dicarboxyl 18:1 45 5 88 03 110 4 101 0 120 6 123 4 121 7
ic Acids 0. 0 0. 0 0. 0.
18:0 07 1 1.0 01 11 0 12 1 14 1 12 1 15 2
0. 0 0. 0 0. 0.
20:0 00 O 01 00 02 1 02 0 02 1 02 0 02 1
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Optimization of a Stable Isotope Dilution Assay for Glycerol Quantification in Poplar Periderm
Suberin.

The chemical composition of suberin ester-bound aliphatics shown in Figure 2 ¢ was deter-
mined using base-catalyzed depolymerization. However, this and other methods of chemical de-
polymerization of suberized tissues use organic solvent-aqueous phase partitioning to extract the
organic solvent-soluble monomers; because glycerol is hydrophilic, it is typically discarded with
the aqueous phase and not quantified in such protocols. Glycerol is a major suberin monomer, and
is widely believed to provide the backbone necessary to facilitate the assembly of the aliphatic do-
main of suberin [1-3]. Previous studies of glycerol content in both cutin and suberin have used
chemical and enzymatic methods to quantify the monomer [3-10]. Enzymatic methods are expen-
sive, and as a result, high throughput analysis is not practical. Chemical methods are limited by
glycerol losses in the aqueous phase during solvent partition, or the evaporation step when low
boiling and chemically dissimilar standards such as glyceraldehyde or 1,2-propanediol are used.
The use of 1,12-dodecanediol has showed some success as an internal standard for glycerol quanti-
fication [7], as it is less volatile; however the resulting derivatized structure is dissimilar to glyc-
erol, which can impact the accuracy of the amount of glycerol quantified. However, a labelled in-
ternal standard, which has the same physiochemical properties as the monomer being quantified,
accounts for any losses that may occur throughout the depolymerization procedure, leading to a
more accurate determination of the amount of glycerol present [11]. The stable isotope dilution
method allows for the simultaneous determination of glycerol and acyl-monomers using the same
sample, allowing for greater confidence in the stoichiometric relationships derived, which can be
used to make structural inferences.

Following the method described by Yang and co-workers, glycerol in the suberin polymer
was quantified using the internal standard [*Cs]-glycerol, which gives a unique isotopomer signal
three mass units higher when analyzed by GC-MS. The use of diagnostic ions 115/116 and 118/119
for the acetylated glycerol (triacetin) and acetylated ['*Cs]-glycerol (['*Cs]glyceryl)triacetin; Figure
S2 a) respectively, allowed us to generate calibration curves comparing the ratio of ion current
between the two (i.e. 115/118 and 116/119), showing that the measured values were a linear func-
tion of the molar ratio of glycerol and '*Cs-glycerol (Figure S2 a). Each ion pair gave R? values
>0.99, and therefore no significant differences in using either pair was determined. In an effort to
be consistent with the published method for cutin glycerol, the 116/119 ion pair was selected for
glycerol quantification [11]

Although similar, cutin and suberin are not identical and therefore we adapted the method-
ology to depolymerize suberin and quantitatively determine glycerol and aliphatic monomer con-
tent in the polyester. For Arabidopsis stem cutin, which is known to be rich in dicarboxylic acids, a
concentration of 0.2% (w/v) sodium methoxide (NaOMe) was sufficient to depolymerize cutin [11].
Due to the complex structure of suberin, we first optimized the concentration of NaOMe on a 10
mg sample of tree bark to ensure complete depolymerization. Concentrations of 0.2%, 0.5% 1% and
6% were chosen as they cover a wide range, including 6%, which is the standard amount used in
sodium methoxide-catalyzed depolymerizations [12]. As a consequence of the lack of solvent parti-
tioning steps, using a minimum amount of catalyst was important for downstream isolation of
glycerol and suberin monomers, and also helped to minimize the overall volume to be evaporated.
In our hands, 0.2% (w/v) NaOMe failed to liberate significant amounts of suberin monomers (data
not shown). As illustrated in Figure S2 b, each of the other concentrations examined liberated ap-
proximately equal proportions of the major monomer classes; FAs, o,0-DCAs and o-OHFAs.
Compositionally, the standard 6% (w/v) catalyst concentration yielded molar percentages of
2.7+0.05 %, 36.0+2.4% and 61.3+4.9% for FAs, a,m-DCAs and ®-OHFAs respectively, with no signif-
icant changes in the molar composition determined between the 1% and 6% samples. The lowest
catalyst concentrations (0.5%), appeared to preferentially liberate o, w-DCAs at the expense of -
OHFAs, and was therefore deemed unsuitable for analysis of poplar bark aliphatic suberin due to
the abundance of ®-OHFA monomers [13].

The internal standard o-pentadecanolactone was added as a control to monitor the complete-
ness of both the transmethylation of primary esters and completeness of derivatization [11,12,14].
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At each concentration assayed, this lactone was recovered as the acetylated 15-hydroxy pentade-
canoate derivative, indicating that even the 0.5% concentration effectively cleaved primary ester
bonds. Although approximately 10% of DCAs are lost at high concentrations compared to 0.5%,
we selected 1% (w/v) NaOMe for the optimized suberin glycerol analysis because it achieves the
same results as the conventional method, which uses 6% NaOMe (Figure S2 b).
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Figure S2. Optimization of a stable isotope dilution assay for glycerol quantification in poplar
periderm suberin. (a) Structures of ?Cs-triacetin and *Cs-triacetin and calibration plot of ratio of
ion current to ratio of the amount of triacetin and [*Cs]-triacetin at the indicated masses. Values
are expressed as the mean of a minimum of 4 replicates + SD. (b) Optimization of catalyst concen-
tration. Percent of total molar values (% mol) are expressed as the mean of a minimum of 4 repli-
cates + SD. Statistics determined for each monomer class using one-way ANOVA and Tukey post-
hoc test, p<0.05. (c) Optimization of tissue amounts. Amount of each monomer class liberated from
stage III bark tissues determined using 6% NaOMe catalyst. Values are expressed as the mean of a
minimum of 4 replicates + SD. No significant differences were found between each amount, t-test,
p <0.05. (d) Comparison of glycerol yields using enzymatic determination and *C3-glycerol dilu-
tion assay. Glycerol was quantified using a commercial kit that uses a coupled enzyme assay in-
volving glycerol kinase and glycerol phosphate oxidase and compared to results of isotope dilu-
tion assay. Means of a minimum of 4 replicates + SE are shown.

Following optimization of catalyst concentration, we then optimized the amount of tissue
depolymerized. Previous depolymerizations of poplar bark tissues have used 50 mg of cell wall
enriched dry material [13], whereas Yang and co-workers (2016) were able to achieve reproducible
results with 30 mg of dried Arabidopsis plant materials. In our hands, these large tissue amounts
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lead to difficulties with monomer recovery, due to crystalized material on the walls of the con-
tainer. Tissue amounts varying from 5-50 mg (5, 10, 30 and 50 mg) were depolymerized with a 1%
catalyst concentration (results not shown), however large variations in monomer recoveries were
noted, with only 15% of the expected amounts recovered when 30 and 50 mg were used. Conse-
quently, a standard depolymerization approach (6% NaOMe) was used to determine reaction effi-
ciency when lower tissue amounts were used. A similar approach was taken by the original au-
thors for all optimization steps [11]. As illustrated in Figure S2 ¢, no significant differences in mon-
omer recoveries were found when comparing depolymerizations of stage III bark tissues using 5
mg and 50 mg under standard depolymerization conditions. The total amount of monomers liber-
ated from 5 mg was found to be 20.8 + 2.8 mg gDW-! whereas 50 mg of tissue liberated 23.1 + 3.6
mg gDW-L. Similar results were found for stage II tissues, with the 5 mg sample liberating 29.5 + 1.6
mg gDW-! and the 50 mg sample released 24.2 + 7.8 mg gDW-'. Therefore, to minimize monomer
losses which occurred at higher tissue amounts, 5 mg was selected for the optimized protocol. As
no changes were made to the reaction time, this step was not optimized for suberin depolymeriza-
tion, and a standard length of 2 hours was used.

To further validate the stable isotope dilution methodology in suberin, glycerol was quanti-
fied using a commercially available kit (MAK117, Sigma-Aldrich) that uses an enzymatic assay
involving glycerol kinase and glycerol phosphate oxidase to generate a colorimetric product moni-
tored at 570 nm. Tissues were delipidated, depolymerized, recovered and dried down according to
the optimized method to simultaneously determine glycerol and aliphatic monomers described
above. Once no trace of solvent could be detected, residues were resuspended in water, filtered
and concentrated before a final suspension in sterile water. Our results, outlined in Figure S2 d
indicate that the 3Cs-glycerol dilution assay quantified glycerol in samples as well as conventional
enzymatic methods.

Modified Microscale Green Solvent Thioacidolysis Assay

Thioacidolysis is a routinely applied method to determine H/G/S monolignol content in ligni-
fied tissues and has been used to characterize the aromatic domain of suberin. This method selec-
tively cleaves 8-O-4" ethers and is considered a more accurate analytical technique than other
methods that analyze total aromatic content, however, it uses dioxane as a solvent. Dioxane is a
toxic solvent, which is capable of forming explosive peroxides over time, is environmentally un-
friendly and is suspected of causing cancer (Derosa et al. 1996; Capello et al. 2007). The main goal
of thioacidolysis is to provide relative monomer proportions rather than absolute monomer quan-
tification, therefore underestimation of the absolute yield of 8-O-4’-bound monolignols is not a
concern. Robinson and Mansfield (2009) were the first to adapt the original thioacidolysis proto-
cols [15,16] by reducing the reaction volume to facilitate high throughput analysis without special-
ized equipment or unnecessary washing steps. This was later modified by Foster and coworkers
(2010) who further reduced the reaction volume and sample size to permit a microscale analysis of
cell wall isolated dry material. We have utilized a combination of these two methods to develop a
green-solvent approach to thioacidolysis. By substituting dioxane with CPME in the reaction, we
are able to carry out high throughput analysis of the suberin aromatic domain using very little
material and significantly reducing the toxicity of the overall reaction. Furthermore, by eliminating
the use of dichloromethane in the chemical work up, we have eliminated a second possible carcin-
ogen and replaced it with a more benign alternative.

To validate the modified method, we applied the original thioacidolysis protocol and our
modified approach to poplar wood and bark as well as to potato periderm samples (Figure S3).
Although this reaction is typically run for 4 hours under standard conditions, 30 minutes was suf-
ficient to produce extensive monolignol amounts at a ratio of approximately 70:30 S5:G in poplar
wood samples (Figure S3 a). This ratio was maintained across all time points and both solvents,
indicating the suitability of CPME to replace dioxane in thioacidolysis reactions to analyze mono-
lignol composition. The most consistent results were obtained at 4 hours; both solvents released
approximately equal amounts of monomers at the same ratio with good reproducibility, and there-
fore this reaction time was selected for further study. Although the dioxane protocol liberates
monolignol monomers more efficiently than the CPME protocol, thioacidolysis using either
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solvent sufficiently released enough monolignol to accurately quantify their relative abundance
(Figure S3 b). As with all thioacidolysis methods, the yield is always an underestimate of the total
lignin content, and our only goal here was to evaluate monomer proportions [17]. The relative
proportions of S:G with both solvent systems were 70:30 for wood (consistent with results reported
by [17], and 50:50 S:G for bark stages II (4.0-5.5 mm stem diameter) and stage III (6.0-8.0 mm diam-
eter) as defined in [13] (Figure S3 c). The greatest variability among solvents was noted in the po-
tato periderm tissues where dioxane found a 30:70 ratio while CPME established a 20:80 S:G ratio
(Figure S3 c). The results obtained using dioxane agree well with [18] who found a relative abun-
dance of 35:65 S:G in natural potato periderms. Small variations in the S:G ratios of potato may be
the result of cultivar selected.

Much like previous attempts, although many procedural iterations were attempted (i.e. reac-
tion volume, time, tissue amount, chemical work up), we were only able to implement small
changes which made little impact on the efficiency of the traditional methodology. We were una-
ble to further reduce reaction volume while maintaining accuracy, although, as outlined by
[19]sample size could be reduced to 2 mg from 10 mg and the reaction clean up procedure no
longer requires halogenated solvents. Additionally, we have utilized a more efficient derivatiza-
tion procedure to minimize the time required for each sample. It has been reported that as little as
200 pL of reaction mixture can be used with 2 mg of tissue [19], however in our hands 1 mL was
the minimum reaction volume that would generate reproducible data.
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Figure S3. Modified thioacidolysis method validation. (a) S:G ratio in wood samples as a function
of reaction time with each solvent. Values expressed as the mean of 4 replicates + SD. Dioxane 24
hour time point reported as average of 2 replicates. No significant differences were found between
each time point, t-test, p <0.05. (b) Monolignol amounts quantified using tetracosane as an internal
standard with each solvent system. (c) Relative percentage of each monolignol in various tissues
and each solvent system. G refers to guaiacyl units, and S refers to syringyl units. Values are ex-
pressed as the mean of 4 replicates + SD. (*) denotes significance, t-test p <0.05.
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