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Abstract

Polygalacturonic acid (PGA) has frequently been suggested and used as a model substance for
studying mucilage properties and effects in soil. While PGA has a defined chemical structure, the
composition of mucilage as natural product can vary in space and time depending on the plant
and soil conditions. However, it is still unclear if PGA can be used as surrogate for original muci-
lage when considering soil-mucilage interactions in the rhizosphere. Here the organic matter
(OM) composition of PGA was compared with that of Chia seed mucilage and small-scale spatial
distribution of OM composition in mucilage droplets was analysed using Fourier transform mid
infrared spectroscopy in KBr-transmission technique (FTIR). Selected regions of dried Chia seed
mucilage droplets were analysed using micro- Fourier transform mid infrared spectroscopy in
transflection technique (micro-FTIR).

For PGA, the FTIR spectra revealed lower C—H/C=0 and higher C=0/C-O—C ratios as compar-
ed to Chia seed mucilage, indicating a relatively lower potential hydrophobicity and higher sorp-
tion capacity of the OM in PGA than OM in mucilage. The micro-FTIR spectra revealed that the
potential hydrophobicity of a single freeze-dried mucilage droplet was higher at the tip as
compared to regions located above the tip. The results suggest that the use of PGA as model
substance for mucilage is limited especially when trying to imitate the sorption and wettability
properties of the Chia seed mucilage OM. The spatial heterogeneity in OM composition as well
as shifts in maxima of C=0 and O-H bands in micro FTIR spectra of the cross sectioned muci-
lage droplet suggest that the composition of mucilage is changing with time. These findings may

help initiating future studies on the dynamics and variability of OM composition of mucilage.

Key words: FTIR / KBr transmission technique / local-scale distribution / micro-FTIR spectroscopy

Accepted July 25, 2019

1 Introduction

Root exudates comprise mucilage (Angst et al., 2016; Kdgel-
Knabner, 2017) and other organic components like amino
acids, vitamins, and polysaccharides. After exudation, muci-
lage is dynamically changing due to bio-chemical and physi-
cal processes when it comes in contact with soil minerals
(McCully, 1999), especially cations (Marx et al., 2007), or
because of the activity of micro-organisms (White et al.,
2016). Due to aging processes (i.e., drying, complexation, de-
composition), mucilage composition varies in space and with
time (Gregory et al., 2013), thereby again affecting physico-
chemical properties (Kroener et al., 2014; Ruiz et al., 2015).
Since composition and properties of mucilage are widely
unknown and its collection is not easy, polygalacturonic acid
(PGA) was often considered as a simplified model (Morel
et al., 1987; Mimmo et al., 2003) and used to simulate the
behavior of mucilage (e.g., Czarnes et al., 2000; Gaume
et al., 2000; Chen and Arye, 2017).

As for mucilage, also PGA contains a significant proportion of
labile polysaccharides (Jones and Edwards, 1998) and shows

* Correspondence: R. H. Ellerbrock; e-mail: rellerbrock @zalf.de

© 2019 The Authors. Journal of Plant Nutrition and Soil Science published by Wiley-VCH Verlag GmbH & Co. KGaA

some similar characteristics (Morel et al., 1987; Gessa and
Deiana, 1992; Mikutta et al., 2006). However, PGA is a defined
chemical component, while mucilage represents a mixture of
proteins and polysaccharides, among others, that may dynami-
cally change (Carminati and Vetterlein, 2013; Naveed et al.,
2019). Amount and composition of mucilage are affected by
plant type, age, and soil conditions (Jones et al., 2009; Carval-
hais et al., 2011; Ahmed et al., 2015, 2018a), and may vary in
its composition in a wider range than PGA. The mucilage and
derivatives resulting from such aging processes (Nguyen
etal., 2008) contribute (together with the OM of decaying roots)
to the formation of organo-mineral coatings along the root
channels and the stabilization of aggregates (e.g., Ahmed
et al.,, 2018b; Di Marsico et al., 2018;). Changes in the OM
composition of root cell walls caused by decomposition were
recently described (White et al., 2016). Still, questions on the
(1) temporal variability in composition of mucilage that poten-
tially results in heterogeneity of the spatial distribution of muci-
lage composition and (2) applicability of PGA for simulating the
behavior and properties of mucilage remain open.
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The OM composition is related to properties such as wettabil-
ity (Capriel, 1997; Chenu et al., 2000; Haas et al., 2018) or
cation exchange capacity (Celi et al., 1997; Kaiser et al.,
2008). The term composition describes amount and content
of functional groups like hydroxyl- (OH), alkyl- (C—H), carbon-
yl- and carboxyl-groups (summarized here by C=0) within
OM. Spectroscopic techniques like nuclear magnetic reso-
nance (NMR) or Fourier Transform infrared spectroscopy
(e.g., Kégel-Knabner, 1997; Gerzabek et al., 2006; Demyan
et al., 2012) allow determining type and content of such
functional groups. The properties of OM at surfaces of
macropores including decayed root channels (Ellerbrock
and Gerke, 2004; Leue et al., 2013) can play an important
role during preferential flow and transport of reactive solutes
by controlling mass transfer between flow paths and the
soil matrix (e.g., Gerke, 2006; Cheng et al., 2017; Leue
et al,, 2013, 2018). However, the contribution of mucilage
to OM composition of root channel surfaces is widely
unknown.

The objective of our study was to evaluate the applicability of
using PGA as a surrogate for original plant mucilage and to
test if the OM composition of mucilage is uniformly distributed
within exuded mucilage. Fourier Transform mid-infrared spec-
troscopy in KBr-transmission technique (FTIR) was used to
compare the OM composition of PGA and mixed Chia seed
mucilage and mm-scale variability in a mucilage droplet, and
micro-FTIR spectroscopy was used to account for micro-
scale spatial variability of OM composition.

2 Material and methods

The mucilage was collected from Chia seeds as described by
Ahmed et al. (2014, 2015). Briefly, Chia seeds were mixed
with water at a gravimetric ratio of 1 to 10. The mixture was
stirred for 2 h and then it was passed through two sieves. The
mucilage formed a larger droplet that was immediately
freeze-dried such that the shape was conserved (Fig. 1).
Analyses were carried out with mid infrared light by using
(1) Fourier transform infrared spectroscopy in KBr-transmis-
sion technique (FTIR) and (2) micro-Fourier transform infra-
red spectroscopy in transflection technique (micro-FTIR). The
chemical composition of Chia seed mucilage is similar to that
of maize mucilage: both are mainly composed of xylose, glu-
cose, and uronic acids. In both, maize and Chia seed muci-
lage, the content of uronic acid is about 25% (Lin et al., 1994;
Carminati and Vetterlein, 2013). Mucilage from Chia seeds
has a similar physical behavior to that of mucilage from maize
and lupine and contains significant amounts of polysacchar-
ides that form a gel-like network around the seeds (Lin et al.,
1994; Munoz et al., 2012).

For FTIR (Ellerbrock et al., 1999) half of the freeze-dried
mucilage droplets were homogenized using an impact mill to
obtain mixed mucilage samples. We noticed that homogeni-
zation could not fully be achieved. Some brownish-colored
particles remained after the homogenization procedure in the
mucilage samples that could be observed by naked eye.
Alternatively, a freeze-dried mucilage droplet (Fig. 1) was
studied by spatially-localized sampling of the droplet tip
(M12,_¢) and regions 20 mm above the tip, the latter regions
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Figure 1: Photo of the vertical cross-section of a freeze-dried muci-
lage droplet on reddish patterned background and sampling scheme
indicating the regions of extraction of M12, 5, M12; ., and M12,;
samples (black lines); the vertical distance is measured from the tip
of the mucilage droplet upwards. The blue dotted line indicates the
position from which a layer of about 2 mm thickness was obtained for
carrying out the micro-FTIR measurements along a transect of
0.13 mm length.

were separated into an outer (M12,5_,,,) and a more central
sample (M12,5_5,)-

An amount of 0.5 mg of these mucilage samples was mixed
with 100 mg of KBr (spectroscopy grade; Merck), stored
overnight in an exsiccator over silica-gel, then finely-ground
in an agate mortar and pressed into pellets (Ellerbrock et al.,
1999) for Fourier transform mid infrared (FTIR) analysis with
a FTS135 (BioRad Corp, Hercules, CA, USA) using the KBr-
transmission technique (Fig. 2a). The mixed mucilage sam-
ple was analysed in 11 replicates (M1-M11). The FTIR spec-
tra of PGA (pale beige solid; Chemical Abstracts Service
No.: 25990-10-7; CARL ROTH, Karlsruhe, Germany) were
obtained by using 0.5 mg of PGA mixed with 100 mg of KBr
as described above (also in 11 replicates). Each FTIR spec-
trum was recorded by 16 co-added scans at a resolution of
1 cm™ in the region of wave number (WN) 400 to 4000 cm~".
The empty sample chamber of the FTS135 was used to
obtain the background spectra (Gottwald and Wachter,
1997).

For micro-FTIR, a 2 mm thick layer from another intact
freeze-dried mucilage droplet was cut about 20 mm above
the droplet tip (Fig. 1, blue dotted line) with a scalpel, fixed on
an aluminum plate, and stored in a desiccator over silica gel
for 16 h. Then, a 200 um long micro-transect across the muci-
lage layer was analysed in ten steps of 20 um distance from
the center of the droplet towards the side (Fig. 1, blue circle).
Micro-FTIR spectroscopy was carried out with a Cary 660
combined with a Cary 610 microscope (both from Agilent
Technologies, Santa Clara, CA, USA). Each micro-FTIR
spectrum was recorded by 4 co-added scans (i.e., 4 replicate
spectra) at a resolution of 4 cm™ in the region of 680 to
4000 cm™ in transflection technique. During transflection
(cf Bassan et al., 2009), the infrared light is (1) transmitted
through the samples until (2) it is reflected at the aluminium
plate, and (3) transmitted through the sample towards the
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Figure2: Schemes indicating differences in the IR light beam as
used in (a) Transmission FTIR in KBr technique (a single light trans-
mission) and in (b) micro FTIR technique where light is transmitted
through the sample (18! transmission), reflected at the transflection
point and re-transmitted (29 transmission) towards the detector (cf
Bassan et al., 2009).

detector (Fig. 2b). The micro-FTIR spectra are obtained in the
unit log(1/R), where R is a measure for transflectance, and
processed using the software WIN-IR Pro 3.4 (Digilab, MA,
USA). Note that here the transflectance, R, is used in contrast
to the reflectance which is known from the diffuse reflectance
infrared Fourier transform (DRIFT) technique (Gottwald and
Wachter, 1997). A gold target (99% Infragold®, Labsphere,
North Sutton, NH, USA) fixed onto the positioning table was
used as a background (cf Haas et al., 2018).

All spectra (FTIR and micro-FTIR) were corrected against
ambient air as background (Haberhauer and Gerzabek,
1999) and smoothed using a “boxcar“-function (f = 105 for
KBr-transmission technique and f = 25 for micro-FTIR; Win-
IREZ software, BioRad). The spectra were baseline-cor-
rected and normalized for the band at WN 1100 cm™ (e.g.,
Ellerbrock et al., 1999) and analysed according to Eller-
brock et al. (2009): the C-H band intensities were measured
as a vertical distance (i.e., as height) from a local baseline
plotted between tangential points in the spectral regions be-
tween WN 3100-2800 cm~'. The C=0 band intensities were
measured as heights from the global baseline of the spectra
to the maxima within the regions of WN 1780 to 1710 cm™'
and that at WN 1680 to 1580 cm~'. The stretching vibrations
of C-O-C groups at 1081 cm™~' were denoted as C-O-C
band. The intensity of the C—O—C band was measured as a
vertical distance from the maximum of the C—O-C band to
the global baseline (Kaiser et al., 2008). The C-H, C=0, and
C—-0O-C absorption bands are interpreted to characterize OM
composition with respect to functional OM properties
because these bands can be distinguished from those of the
soil minerals. These bands are used for estimating potential
hydrophobicity in terms of the C—H/C=0 ratio (Capriel, 1997;
Ellerbrock et al., 2005) and potential sorption capacity in
terms of the C=0/C-O-C ratio (Celi et al., 1997; Kaiser
et al.,, 2008). Additionally, the O-H and C=0O absorption

© 2019 The Authors. Journal of Plant Nutrition and Soil Science published by Wiley-VCH Verlag GmbH & Co. KGaA

J. Plant Nutr. Soil Sci. 2019, 182, 888—-895

bands in FTIR spectra were used for analysing shifts in band
maxima.

Mean values and standard deviations of C-H/C=0O and
C=0/C-0-C ratios obtained from FTIR spectra are calculated
from 11 replicates after testing for outliers using the Nalimov
test (Kaiser and Gottschalk, 1972; with r(p) = 1.916 for
p = 95% and r(p) = 2.368 for p = 99.9%). The significance of
differences between the mean values of PGA versus muci-
lage for the C-H/C=0 and C=0/C-O-C ratios was tested
using a Student’s t-test (Kaiser and Gottschalk, 1972; with
t(p) = 2.08 for p = 95% and t(p) = 3.85 for p = 99.9%).

3 Results

The spectra of all samples (Figs. 3 and 4) show absorptions
bands in the region of the hydroxyl (O—H bonds), alkyl (C—H),
carboxyl and carbonyl (C=0), and polysaccharide (C—O-C)
functional groups (Tab. 1). For PGA, the maximum of the O—-H
band in the FTIR spectrum (Fig. 3a) was found at WN of
3439 cm™' (Tab. 1). In FTIR of mucilage samples (M1 to
M11), the mean O-H band maximum is located at WN
3404 cm™' (Tab. 1). The FTIR spectra of PGA samples show
also absorption bands in the region between WN 2600 to
2200 cm™ (grey circle in Fig. 3a) which are not present in the
mucilage FTIR spectra. Absorption bands in this region indi-
cate the presence of (1) N-H bonds in protonated primary
and secondary amines or (2) O—H bonds in phosphoric acid
derivatives (Gottwald and Wachter, 1997) possibly formed
during PGA extraction procedure. Since PGA contains beside
the COOH group a large amount of directly neighbored OH
groups per monomer-unit hydrogen bridges between these
groups may easily be formed which may also explain the
absorption bands in the WN region 2600 to 2200 cm™.

The FTIR spectra of mucilage samples M12,. ., (droplet
center) show a broad O-H band with the maximum at WN
3399 cm™!, while the O-H band maximum was at WN
3426 cm™' (Tab. 1) for samples M12, . (droplet tip) and
M12,5 50, (droplet rim).

In the FTIR spectra of PGA samples, the maximum of the first
C-H band (band a2; Fig. 3a) is located around WN
2929 cm™, while for the mucilage samples, the maxima of
these first C—H-bands are located near WN 2922 cm~! (band
b2; Fig. 3b). While PGA shows two maxima for C=0 at WN
1738 cm~" and 1642 cm~! and for C-O-C bands at WN 1083
and 1021 cm™', the mucilage samples have a single C=0
band maximum at WN 1615 cm~!, a shoulder at WN
1711 cm™, and a single C-O-C band located at WN
1052 cm™! (Tab. 1, Fig. 3b, ¢).

The FTIR spectra of the disturbed mucilage samples
(M1-M11) show some variation in the absorption intensity of
C-H and C=0 bands (Fig. 3b). The t-tests indicate that the
mean C-H/C=0 ratio of about 0.262 is significantly higher for
mucilage (99.9% level) than that of PGA samples (0.181;
Tab. 2). The C-H/C=0 and the C=0/C-O-C ratios of the
mixed mucilage samples are in a similar range as compared
to those of the M12,_ ., M12,. .., and M12,. ., samples
(Tab. 3). For the C—-H/C=0 ratio, the mucilage values are all
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Table 1: Number of absorption bands in the FTIR spectra, kind of functional group (O—H, C—H, C=0, C-O-C), range (wavenumber) of the OH,
CH, C=0 and C-O-C absorption bands, and location (wavenumber) of their maxima in FTIR spectra of (a) polygalacturonic acid (PGA),
(b) mixed mucilage (M), and (c) mixed mucilage from 3 sample locations; standard deviations in brackets.

Bands* O-H stretch C—H stretch C—H stretch C=0 stretch C=0,C=C c-0-C c-0-C
symmetric asymmetric stretch
Nrin Fig. 3 1 2 3 4 5 6 7

Range (cm™)  3700-2700 2950-2800 2800-2700 1740-1698

1680-1580 1150-900

Sample Maxima at WN in cm™"

(@) PGA;n=11 3439 (6) 2929 (2) 2880 (4) 1738 (9) 16420 (1) 1083* (7) 1021* (1)

(b) M; n =11 3404 (7) 2922 (< 1) 2878 (2) 17110(<1)  1615(5) 1052 (< 1) -

(c) M12_0-5 3426 2926 2859 17100 1628 1055 -
M12_15-20a 3399 2924 2859 17100 1618 1053 -
M12_15-20b 3426 2926 2859 17100 1625 1054 -
Micro-transect 3414 (21) 2927 (3) 2859 (< 1) 17100 (< 1) 1629 (5) 1104 (5)

O: shoulder of an absorption band;
*: double band.

O-H C-H cC=0 C-0-C

L | T |

20000 ' 1200 | 600

- 2800
Wavenumber (cm™)

" 3600

Figure 3: Mid-infrared spectra recorded by the transmission method and shown as
absorption spectra (A = 100-T) of (a) six replicates of PGA, (b) 11 replicates of homogen-
ized mucilage (M1-M11) from Chia seed, and (c) samples from selected regions (M12 ;
M12,5 5000 M12,5 5,) Of a freeze-dried mucilage droplet. The letters indicate the maxima
of O-H, C-H, C=0, and C-O-C absorption bands (cf Tab. 1): a1: 3439, a2: 2929, a3:
2879, a4: 1738, a5: 1642, a6:1083, a7: 1021 cm™; b1: 3404, b2: 2922, b3: 2878, b4:
1712, b5: 1615, b6: 1052 cm~';c1,: 3426, c1,: 3399, c2: 2926, ¢3: 2859, c4:1710, c5:
1628; ¢6: 1054 cm™.

significantly larger than those of PGA
(Tab. 2) while for the C=0/C-O—C ratio, the
value of mixed mucilage is smaller (95%
level) than that of PGA (0.942).

The micro-FTIR spectra (Fig. 4a) along a
micro-transect located in the central part of
a freeze-dried mucilage droplet indicate
differences in the spatial distribution of the
OM composition related to the position of
the measurement points (Fig. 4b). Up to
about 70 um distance from the center the
C=0/C-0-C ratios increase (Fig. 5) and
then decrease. The smallest value of the
C=0/C-0O-C ratio (0.837; Fig. 5) at the
beginning of the micro transect is larger
than that of the (mixed) M12,._,,, sample
(Tab. 3) from the same location of another
droplet.

The C-H/C=0 ratios remain relatively con-
stant at a level between 0.15t0 0.20 up to a
distance of 82 um and decrease only at
greater distance (Fig. 5).

The WN’s of the O—H band maxima for mi-
cro FTIR spectra of mucilage samples
along the transect show an average shift
(decrease) in WN of 35 cm~' as compared
to the maxima observed for PGA (Tab. 1).
The maxima of the O—H band in FTIR spec-
tra of M12 samples seem to depend on the
location within the mucilage droplet: Sam-
ples from the tip (M12, ;) and the rim
(M12,5_5p; Fig. 1) show a maximum at WN
3426 cm™! (Tab. 3) while sample from the
droplet center (M12,;_,,,) have a maximum
at lower WN of 3399 cm~" (Tab. 1). For the
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Table 2: Mean values, standard deviation (SD) as well as minimum and maximum values 4 Discussion
(Min/Max) of the C—H/C=0 and C=0/C-0O-C ratios in FTIR spectra of mixed mucilage (M) and
polygalacturonic acid samples (PGA).
4.1 Mucilage compared to

Sample C-HIC=0 C=0/C-0-C PGA

Mean values  SD Min/Max Mean values  SD Min/Max The OM composition of mucilage
and PGA can be compared by ana-

lysing differences in the WN values
M (n =11) 0.262 0.0108 0.244/0.280 0.748 0.0616  0.685/0.847 of the absorption band maxima
(Tab. 1) and the relative heights of
C-H and C=0 absorption bands at
Table 3: The wavenumber (WN) of OH and C=0O band maxima and the C-H/C=0O and the WN maxima. For PGA (Fig. 3a),

PGA(n=11) 0.181 0.0122 0.153/0.198 0.942 0.0850 0.811/1.097

C=0/C-0—C ratios in FTIR spectra (KBr technique) of selected mucilage samples. a lower C—H/C=0 ratio but a higher
C=0/C—0-C ratio as compared to

Sample WN (cm™) Ratio mucilage (Tab. 2) indicates a rela-
tively lower potential hydrophobicity

O-H band C=0 band C-H/C=0 C=0/C-0-C . .

an an (C-H/C=0) but a higher sorption

M12_0-5 3426 1628 0.221 0.984 (e.g., cation exchange) capacity
M12_15-20a 3399 1618 0.209 0.799 (C=0/C-0-C). Since the C-H/C=0
ratios of PGA differ significantly

M12_15-20b 3426 1625 0.161 1.055 (99.9% level) from those of Chia
seed mucilage, the assumption that

or- PGA could be used as an analogue

O-H C-H C=0 C-0O-C for Chia seed mucilage (e.g., Morel et al., 1987;

: Gessa and Deiana, 1992; Czarnes et al., 2000)
i seems to be questionable with respect to the
tested OM properties (Ellerbrock and Gerke, 2013;
Leue et al., 2013). These results are in agreement
with recent observations of Zickenrott et al. (2016)
who concluded that the Ca-salt of PGA is an
inappropriate analogue when trying to mimic the
behavior of root mucilage with respect to hydro-
phobicity.

Log(1/R)

4.2 Spatial heterogeneity of mucilage
composition

The C-H/C=0 ratios have been described as a
measure for the potential wettability (Ellerbrock
et al., 2005); here the values of the homogenized
mucilage samples are in a similar range as those
of the M12 samples selected from the freeze-dried
droplet, except for M12,,_,, (Tab. 3). The differen-
ces in the C-H/C=O ratios and the higher
C=0/C-O-C ratio of M12,, ,,, as compared to

' : B A e T M12,; 5o, and M12, . indicate that OM composi-
0 20 40 60 80 100 120 tion is heterogeneously distributed within the drop-
Distance (pm) let at milli- and at micro-meter scale. Thus, homo-
genized mucilage samples may not reflect the
properties of Chia seed mucilage in natural condi-
tions. The observed spatial heterogeneity in OM
composition (in terms of relative C—H group con-
tent) corresponds with that observed by micro-
FTIR across root channels of maize seedlings
oss-sectioned droplet (Fig. 4b), the maxima of the O—H bands  (Holz et al., 2018). As assumed by Carvalhais et al. (2011)
in the micro FTIR spectra varied between WN 3448 cm™" and  and Ahmed et al. (2015), mucilage composition may be
WN 3361 cm™' (Fig. 5). The variability of WN maxima for O-H  affected by growing conditions of the plants such that the
band is larger than that of the WN maxima for C=0 band, with  composition of the excreted mucilage may vary with time
largest variation of about 19 cm~" (Fig. 5). causing heterogeneity in OM composition in space.

1000

T

Figure 4: (a) Micro-FTIR spectra obtained from measurement points along an
intact surface of a cross-sectioned mucilage droplet (cf Fig. 1) and (b) the black-
and-white photo of the mucilage surface along the transect indicating locations of
the measurement points.

© 2019 The Authors. Journal of Plant Nutrition and Soil Science published by Wiley-VCH Verlag GmbH & Co. KGaA www.plant-soil.com



J. Plant Nutr. Soil Sci. 2019, 182, 888—-895

0.20 2.50
m B
mE_Ygmm o
o (] Egm -
0.15 2.00
[ ]
=]
- % a m Q
a 0.10 oe o o ® F—— 1508
~ ® ® L ~
T d o
1l
Y ooos L 1.00 Q
P W C-H/C=0
® C=0/coC
0.00 0.50
0 50 100

Distance (um)

Figure 5: Evaluated C-H/C=0 and C=0/C—O-C ratios from micro-
FTIR spectra (Fig. 4a) plotted as a function of the distance along the
micro-transect in Fig. 4b.

The OM composition of mucilage and its spatial heterogeneity
may be of importance for describing flow and transport pro-
cesses (Naveed et al., 2019) since mucilage provides OM
components for coatings of pores formed by plant roots (e.g.,
Angst et al., 2016; Kdgel-Knabner, 2017). Decayed root
channels could serve as preferential flow paths (e.g., Jarvis,
2007) and the distributed OM properties of pore walls could
affect the transport of reactive solutes. The OM components
from mucilage contribute to physico-chemical properties of
such flow path surfaces (e.g., Leue et al., 2013, 2018), which
are important for describing transport processes in structured
soils (e.g., Cheng et al., 2017) and parameterization of two-
domain models (e.g., Gerke, 2006).

The spatial heterogeneity of OM composition across the
mucilage droplet and the shifts in WN of band maxima
(Figs. 5 and 6) are possibly caused by oxidation processes
during mucilage droplet “harvesting” (Ahmed et al., 2014).
More intensively oxidized mucilage OM at the droplet’s outer
regions are likely to result in increased C=0/C-O-C and
reduced C-H/C=0 ratios towards the droplet rim as it was
found for M12 samples (Tab. 3).

4.3 Shift in absorption band maxima

The shifts in the FTIR adsorption maxima for the O—H bands
across the micro transect of the intact mucilage droplet rela-
tive to band maxima of PGA was found larger as compared to
that of the C=0 bands (Fig. 6). For the O—H band maxima, a
shift may be explained by small differences in the water con-
tent that allow O-H groups to form either intra- and inter-
molecular hydrogen bridges with and between other O—H and
C=0 groups (Gottwald and Wachter, 1997). Interactions of
OM with water and cations affect the strength of the O-H
bond such that O—H groups involved in inter-molecular hydro-
gen bridges can be identified by absorption bands in the
region of WN 3600 to 3200 cm~', while O—H groups involved
in intra-molecular hydrogen bridges by absorption bands in
the region of WN 3180 to 2700 cm~' (Gottwald and Wachter,
1997). For most locations at the micro-transect (Fig. 4), the
maximum of the O-H bands was shifted towards lower WN
values (Fig. 6) indicating an increased formation of intra-
molecular hydrogen bridges. Note that the band of N-H bonds
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Figure 6: The shift of the wave numbers (WN) in cm~" at absorption
maxima of the C=0 and the O-H bands in micro FTIR spectra of
mucilage as compared to the mean maxima in FTIR of PGA (see
Tab. 1) along the measurement transect (Fig. 4b).

within amines and amides (WN 3500 to 3300 cm™") cannot be
identified here because these bands cannot be distinguished
from the more intense O—H bands (Gottwald and Wachter,
1997).

Hydrogen bridges may also cause micelle-like structures
within the gel-like structure of mucilage, e.g., forced by drying
(e.g., Clapp et al., 1993). The observed shift in O-H band
maxima (Fig. 6) may explain changes in the potential water
storage capacity of mucilage (Ahmed et al., 2015; Carminati
et al., 2017; Naveed et al., 2019). The shift could also result
from interactions between O-H groups in mucilage and
cations such as Ca?* or AI** (Mimmo et al., 2003). More de-
tailed studies on interactions and shifts in the WN maxima are
beyond the scope here.

5 Conclusions

The OM composition of mucilage was compared with that of
PGA, and the spatial variability within a mucilage droplet was
analyzed at two different scales using FTIR and micro-FTIR
spectroscopy. The differences in the OM composition between
PGA and mucilage suggest that the use of PGA to simulate
the behavior of mucilage is questionable with respect to poten-
tial wettability and sorption properties. The FTIR spectra from
central and rim regions of a freeze-dried mucilage droplet and
micro-FTIR spectra from transect points revealed a spatially
variable OM composition at both, the milli- and the micrometer
scales. The reasons for spatial variability of mucilage OM com-
position could only be speculated and may depend on local
exudation conditions. The shifts in O—H and C=0 band maxi-
ma in FTIR of mucilage as compared to PGA seem to indicate
an increase in the intra-molecular hydrogen bondings that
can be caused by local differences in water or cation con-
tents. The observed composition of mucilage OM may help
explaining effects of mucilage on preferential transport pro-
cesses along decayed root channels in structured soils.
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