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Many plants, including grasses and some important human food sources, accumulate,
and precipitate silica in their cells to form opaline phytoliths. These phytoliths contain
small amounts of organic matter (OM) that are trapped during the process of silicification.
Previous work has suggested that plant silica is associated with compounds such
as proteins, lipids, lignin, and carbohydrate complexes. It is not known whether
these compounds are cellular components passively encapsulated as the cell silicifies,
polymers actively involved in the precipitation process or random compounds assimilated
by the plant and discarded into a “glass wastebasket.” Here, we used Raman
spectroscopy to map the distribution of OM in phytoliths, and to analyze individual
phytoliths isolated from Sorghum bicolor plants grown under different laboratory
treatments. Using mapping, we showed that OM in phytoliths is distributed throughout
the silica and is not related to dark spots visible in light microscopy, previously assumed
to be the repository for phytolith OM. The Raman spectra exhibited common bands
indicative of C-H stretching modes of general OM, and further more diagnostic bands
consistent with carbohydrates, lignins, and other OM. These Raman spectra exhibited
variability of spectral signatures and of relative intensities between sample treatments
indicating that differing growth conditions altered the phytolith carbon. This may have
strong implications for understanding the mechanism of phytolith formation, and for use
of phytolith carbon isotope values in dating or paleoclimate reconstruction.

Keywords: phytolith, organic matter, Raman, silica, SRS, VCA

Introduction

Many plants, including grasses and some important human food sources, accumulate, and
precipitate silica in their cells and intercellular spaces to form opaline phytoliths. Silica deposition
can be advantageous for the plant providing structural support, enhanced light penetration for
photosynthesis, and resistance to herbivory and fungal attack (reviewed in Bauer et al., 2011).
Phytoliths formed in specialized “silica cells” in the epidermis that fill with precipitated silica, can
be diagnostic for their plant source based on their morphologies (e.g., Piperno, 2006). Phytoliths
are well preserved in soils long after the plant dies and its biomass decomposes (Alexandre
et al., 2011; Stromberg et al., 2013), and have been used extensively for paleoreconstructions
based on their shapes (reviewed in Piperno, 2006; Santos et al, 2012). In addition, the
isotopic composition of carbon occluded during precipitation within the silica matrix has been
studied for information on climate change, community composition, and time of deposition
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(Wilding, 1967; Piperno and Becker, 1996; Piperno and Stothert,
2003; Carter, 2009; Webb and Longstafte, 2010; McInerney et al.,
2012).

Although the mechanism of phytolith formation has been
studied for many years (early work is reviewed in Blackman,
1969, and see also Lawton, 1980; Hodson et al., 1985; Perry and
Fraser, 1991; Sapei et al., 2007; He et al., 2013; Rudall et al., 2014),
it is still poorly understood (Piperno, 2006; Song et al., 2012; Parr
and Sullivan, 2014). According to Blackman (1969) and others,
studies based on optical microscopy identified specialized silica
cells, and showed that silica precipitation began at the periphery
of senescing cells and was followed by infilling with silica that
sometimes left vesicular cavities visible as dark spots.

An active process, such as templating onto lignified cell
walls (Zhang et al., 2013) or onto proteins (Perry and Keeling-
Tucker, 2000; Kauss et al., 2003; Currie and Perry, 2007; Elbaum
et al., 2009), might result in enrichments of lignins or proteins
relative to others in the silica matrix, and perhaps preservation
of templating structures by the precipitated silica (Rudall et al.,
2014). A passive mechanism would potentially encapsulate cell
materials of all types (proteins, carbohydrates, lipids, etc.) if the
silica precipitates while the cell is senescing and remnants of
cellular structures are still present. Precipitation in a cell shaped
void after senescence is complete might reflect the transpiration
stream composition and include both plants metabolites, and
dissolved soil components, as well as the chemical remnants of
cellular structures (but not the structures themselves).

In a study on phytolith formation in Equisetum arvense, Perry
and Fraser (1991) postulated that silica particles may nucleate
in the transpiration stream and their nature may be controlled
by physicochemical factors there, including, for example, silicon
concentration and pH. Nucleation in the transpiration stream
rather than in the silica cells might mean that occluded carbon
reflects transpiration stream components. If so, the resultant
isolated phytoliths would contain a transpiration stream OM
signature. This source for phytolith composition is supported
by elemental analysis of the inorganic constituents of silica
phytoliths, which reveals that several different cations are present
in the silica, most notably sodium, potassium, aluminum,
calcium, and magnesium (Kamenik et al., 2013; Wu et al., 2014),
and that the proportions more closely resemble terrigenous
elements than cations of source plant material (Kamenik et al.,
2013).

For organic matter, protein has been isolated from
solubilized plant silica (Harrison, 1996) but DNA has not been
identified (Elbaum et al., 2009). In a study using pyrolysis gas
chromatography/mass spectrometry (pyGC/MS), supplemented
by 13C nuclear magnetic resonance spectroscopy (!*C-NMR);
simple carbohydrates, and small amounts of alkanes and lipids
were reported (Krull et al., 2003). The presence of fatty acid
methyl esters, fatty alcohols, and straight chain hydrocarbons,
indicative of lipids, has been shown in phytolith extracts
using tetramethylammonium thermochemolysis (Smith and
Anderson, 2001).

Raman Spectroscopy is an optical technique that is non-
destructive and can be used to determine both the distribution
and nature of chemical constituents in tissues. It has been used
previously for analysis of lignin in plant cell walls (Agarwal and

Ralph, 1997; Gierlinger et al., 2008) and for determination of
silica distribution in plant tissues (Dietrich et al., 2003; Sapei et al.,
2007; Blecher et al., 2012). The use of Raman spectroscopy for
phytolith chemical analysis has been limited, perhaps because of
the low amount of OM trapped within the silica (0.1% carbon for
the samples used in this study Santos et al., 2014). Pironon et al.
(2001) used Fourier transform infrared spectroscopy (FI-IR)
combined with Raman spectroscopy to show changes in phytolith
chemistry associated with heating phytoliths to 400°C for 10 min.
This included changes in the silica, degradation of aliphatic
carbon, and appearance of signals consistent with graphite.
Watling et al. (2011) used a combination of Raman, Infrared
and X-ray photoelectron spectroscopy to evaluate the efficiencies
of different phytolith extraction methods (Watling et al., 2011).
Their primary findings for the Raman spectroscopy were based
on analysis of characteristic silica bands and not on OM content,
although they did report Raman bands corresponding to cellulose
at 2940cm™'and bands at 2864 and 2880cm™! that were
assigned to lignins. They obtained different results for different
extraction methods.

Our study represents the first of its kind where Raman
analysis of OM in phytoliths has been performed on plants
grown with different soil treatments and extracted with the same
protocol (Corbineau et al., 2013; Santos et al., 2014). Here, we
map the distribution of OM in representative phytoliths and
examine the phytolith OM composition using a new Raman
imaging technology, called stimulated Raman scattering (SRS)
microscopy, which has not previously been used for the study
of phytoliths. Samples used in this study were obtained from the
biomass of plants used in a previous isotope experiment designed
to determine the influence of soil amendments on occluded
organic matter in phytoliths (Harutyunyan et al.,, 2014; Santos
et al., 2014). In that study, radiocarbon values were determined,
but the structural composition of the occluded carbon was not.
The authors speculated there was a soil carbon source for the
phytolith OM based on radiocarbon results, and demonstrated a
correlation between soil amendments and phytolith radiocarbon
dates; however, a soil carbon contribution to phytolith OM
remains controversial. Previous authors have maintained that
phytolith OM is derived only from host plant tissue, and therefore
it can be used for paleoreconstructions and paleoclimate studies
(reviewed in Santos et al., 2012). Indeed, the source of phytolith
OM may be host plant tissue, some component of the soil
amendment, microbially reworked low molecular weight OM,
dissolved inorganic carbon, or some combination of the above. A
better understanding of the nature of the occluded organic matter
in phytoliths, and whether it changes depending on growth
conditions, may support a hypothesis of a soil organic matter
contribution.

Materials and Methods

Sample Preparation

Samples were obtained from a prior study (Santos et al,
2014) designed to investigate the uptake of soil OM and its
potential effect on phytolith radiocarbon dates. In that study,
Sorghum bicolor was grown in planters outdoors with commercial
amendments according to the scheme in Table 1 (More details
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TABLE 1 | Experimental treatments for six different planters (A-F).

Experimental A B C D E F
treatment
Substrates Potting soil Nonsterile sand Sterile sand Sterile sand Sterile sand Sterile sand
Organic Compost No organic No organic Kelp meal Humic acids No organic
Amendments additive additive additive
Inorganic NH4NO3, Ca(NO3)s, KNOg, Ca(NOg)s, KNOg, MgSO4 borax, NaHo POy, NaH>POy4,
Fertilizer (NH4)3PO4, H3P04, HNOS, H3PO4, HNOS, COSO4, FESO4, MgSO4, Ca(N03)2 MgSO4, Ca(N03)2
Cag(POy)2, KoSOy KoSO4 MnSOy, KNO3 KNOgz
KoSOy4 NapMoOy, ZnSO,4
NaHo POy,
MgSQy, Ca(NO3),
KNO3

Silica amendment No added silica No added silica

Naz SiOS, K2 SiOS

NaZSiOS, KzSiOg Na23i03, KgSiOg NaQSiOS, K28i03

Note especially the differences in OM additives. Ingredients reported here were obtained from manufacturers’ descriptions of commercial products. Planters A-E utilized commercial
products that contained traces of carbon. Planter F was an inorganic control that did not contain trace carbon in the soil amendments (adapted from Harutyunyan et al., 2014). Samples
S and M (not shown) are comparison samples from a field study and a common standard phytolith collection, respectively and are not part of the study outlined above. See text for

more information.

of the commercial amendments and their use is available in
Tables S1, S2). The treatments were designed to provide soil
amendments with an array of isotopically pre-characterized
carbon. In addition, inorganic commercial products containing
trace carbon were used for the other samples (i.e., the substrate
used in Treatment B, and the fertilizer used in Treatments B, C,
D, and E; (Table S1). Sample F was the designated experimental
control since it was initially free of organic carbon additives.
Phytoliths used in our study were extracted and purified from the
plant leaves and stems according to the wet oxidation procedure
described in Corbineau et al. (2013). Additionally, phytoliths
from a Sorghum field study (designated as Sample S; Ottman
et al,, 2001) and from a volcanic soil (Sample M; Meunier et al.,
2010) were included for comparison. Sample M (MSG70) was
obtained from natural soils and was not a characteristic Sorghum
bicolor phytolith, but a mixture of phytoliths from other plants
(Meunier et al., 2010). The carbon and nitrogen composition of
the trapezoidal shape in this sample was evaluated previously
using nanoSIMS (Secondary ion mass spectroscopy; Alexandre
et al., 2015).

Scanning Electron Microscopy (SEM)

SEM was performed on extracted phytoliths from Sample E
to demonstrate the variety of silica structures obtained in the
isolation protocol. A sample was mounted on carbon tape
on an aluminum stub and sputter coated (Polaron SC7620,
Quorum Technologies, Newhaven, East Sussex, England) with
gold/palladium to a thickness of ~3nm. Microscopy was
performed on a Phillips XL30 Field Emission Scanning
Electron Microscope (FEI Company, Hillsboro, OR, USA) at an
accelerating voltage of 2kV. Planter E was chosen to demonstrate
the phytolith morphology because it gave the highest yield of
sample material and also exhibited a large variety of silica forms.

Raman Spectroscopy

The phytolith samples exhibited a variety of morphologies
based upon the cells or tissues in which the silica precipitated
(Figure 1). Atypical silica bodies (not originating from specific

AccV Magn Det WD j—————{ 10um
200KV 6500x  SE 63 i

FIGURE 1 | Scanning electron micrographs showed that phytoliths
obtained from the extraction exhibited a variety of shapes consistent
with silica deposition both within and between cells (A, 200 xm scale
bar). For consistency, only the bilobate morphology, consistent with silica
precipitated within cells (B, 10 um scale bar) was used for this study.
Phytoliths from sample treatment E are shown here.

silica cells) are well-known (Blackman, 1969), and were most
notable in samples with higher silica inputs (Treatments C, D,
E, and F) where intercalated silica sheets, casts of stomata, and
broken pieces were observed. For consistency in our study, only
bilobate phytoliths (30 phytoliths per treatment x 6 treatments;
Figure 1B), typical of Sorghum bicolor silica cells, were randomly
chosen in each sample for Raman analysis. For the MSG70 soil
phytoliths only the trapezoidal shape, typical of a grass short cell
was evaluated (n = 30 phytoliths).
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Mapping with Stimulated Raman Scattering (SRS)
Microscopy

To study the spatial distribution of the OM entrapped within
the phytoliths we used SRS microscopy. SRS allows fast and
label-free acquisition of images with contrast derived from the
Raman-active molecular vibrations of the sample (Freudiger
et al., 2008; Nandakumar et al., 2009; Chung et al., 2013). Images
of the phytoliths were acquired with a custom SRS microscope
interfaced with two pslaser beams: the so-called pump and Stokes
beams. A 76 MHz mode-locked Nd:Vanadate laser (Picotrain,
High-Q, Hohenems, Austria) delivered a fundamental beam
at ~9400cm~! (ws, the Stokes beam) with 7 ps pulses, and
a second harmonic generated beam that pumped an optical
parametrical oscillator (OPO; Levante Emerald OPO, Berlin,
Germany). The OPO emitted the pump beam, wp, which can
be tuned to probe different molecular vibrational bands, wy =
|op — ws]|. The Stokes and pump beams were overlapped in space
and time and directed to an inverted microscope (IX71, Olympus,
Center Valley, PA). The combined laser beams passed through
a laser scanner (Fluoview 300, Olympus) and were focused by
a 20x, 0.75 NA objective lens (UPlanSApo, Olympus) onto the
sample. The Stokes beam was modulated at 10 MHz with an
acoustic-optical modulator (Crystal technology, LLC). Average
illumination power at the sample was up to 15 mW per beam.
The transmitted pump beam was detected with a photodiode
(FDS1010, Thorlabs) and demodulated with a custom lock-in
amplifier. Hyperspectral images of the phytoliths were acquired
to reconstruct the CH stretching region of the Raman spectra
(2800-3100cm™!) as previously described (Lim et al., 2011).
Image acquisition times were typically 1 s/frame (512 x 512
pixels), while acquisition of a hyperspectral data cube was on
the order of 30min (up to 40 spectral points). The obtained
Raman maps were analyzed with vector component analysis
(VCA; Hedegaard et al., 2011).

Spectral Comparison

Dry mounted samples (in air) were analyzed using a commercial
Raman microscope (InVia Confocal; Renishaw, Wotton-under-
Edge, Gloucestershire, UK). Spectra were taken using a 532 nm
laser with a 2400 1/mm grating, and a 50 x 0.75 NA objective lens.
The laser power at the sample plane was 30 mW. Raman spectra
were collected from a diffraction limited focal spot within the
phytolith at an exposure time of 5s and 10 accumulations. Two
spectral windows were analyzed, one in the CH stretching region
from 2700 to 3150 cm ™!, and another in the fingerprint region
from 1250 to 1800 cm™!. Other typical diagnostic regions were
unavailable because of the presence of overwhelming silica bands.
The spectra were first corrected by manually subtracting their
autofluorescent background, and then smoothed with a Savitsky-
Golay filter implemented in Matlab. For most of the analysis, the
spectra of each spectral window were normalized to the highest
intensity peak independently. For the variability analysis between
samples, the positions and relative intensity of each Raman
band were taken to generate plots with the average spectrum
and standard deviations (1) of each group of 30 samples per
planter. Comparison of peak intensities was performed using
non-normalized spectra (Figures 4A,B). In addition, a direct

comparison of the relative intensity of the Raman bands 1603,
2907, and 3074 cm~! was also performed between the different
planter groups. A Mann-Whitney U-test determined the groups
with statistically significant means (*p < 0.05; Figure 4C).

Results

Mapping

SRS microscopy was used to acquire chemical maps that
revealed the spatial distribution of the OM within a phytolith.
Hyperspectral imaging of a phytolith of planters A and
E was analyzed by vertex component analysis (VCA). The
resulting intensity maps (Figures 2A,B) show that the OM
were inhomogeneously distributed throughout the phytoliths.
Although the distribution was somewhat irregular, the OM was
found to occupy the entire volume of the phytolith with no
particular discrete site for OM concentration. The yellow areas
correspond to regions of the phytolith with higher concentration
of OM, and have Raman spectra (blue dots) similar to the mean
Raman spectra (black line) for each group (Figures 2C,D). There
was no OM detected in the dark spots visible by light microscopy,
supporting previous nanoSIMS work by Alexandre et al. (2015).

Spectral Comparison

Raman bands and intensities varied between sample treatments
(Figure3). In the fingerprint region (1250-1800cm™!),
overlapping modes are present and can be assigned to various
CH bonds especially in the 1350-1450 cm~! range (Table 2). A

SRS signal
1

0.5

0
C D
100 2 13
3 :
< 80 s
£ 60 s
s {058
E 40 i
B 20 e
14 . £
o © z 20° ® 00, &

0 (3 D o
2800 2900 3000 3100 2800 2900 3000 3100

Raman shift (cm‘1)

FIGURE 2 | Hyperspectral imaging of individual phytoliths from
samples A and E shows OM is distributed unevenly throughout the
silica matrix. Dark spots visible in optical microscopy do not contain OM and
there are no obvious patterns in the OM distribution. (A, B) Show one
end-member of the VCA for phytolith A and E hyperspectral imaging. Insert is
the corresponding optical image. (C, D) are the Raman spectra in the CH
region (solid line is average of all spectra, blue dots are specific SRS intensity
measures).
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strong peak at 1356 cm ™! in Sample S is also present in Sample E
(Figure 3, highlighted) and could represent tertiary CH groups
or NO bonds. The peak at 1500 cm ™! (not highlighted) is present
in the glass sample (i.e., originating from the microscope slide
on which the phytoliths were mounted) and is not attributed
to OM. A band corresponding to aromatic ring stretching at
1603cm™! (highlighted) is seen clearly in Samples A and E,

BVAAUVVASAN
W WON
LN~
\_AAAA

Normalized intensity (a.u.)

icidels

NSAAAA
W W
AL A

N s L
1300 1500 1700 2700 2900 3100
Raman shift (cm’1)

FIGURE 3 | Raman spectroscopy results for bilobate phytoliths from
treatments A-F, and S, and trapezoidal phytoliths from M. Variability in
peak locations and relative intensities, designated by vertical bars, indicate
locations of Raman band disparities. Spectrum averages (heavy line) and
variability (gray area, +1 standard deviation) within each sample (n = 30) in the
fingerprint region (A) and the CH region (B) are shown. Samples B, F, S, and M
exhibited the largest standard deviation from their average spectra.

and is also present in Samples C and D to a lesser extent. In
the CH stretching vibrational region (2700-3150cm™!), all
samples exhibited peaks indicative of some OM (highlighted
region 2900-3000 cm™!), although the relative intensities and
the overall shape of the spectra varied indicating different OM
contributions. Samples B and F appeared to be most distinct
from the others and both exhibited a strong peak at 2850 cm ™!
(highlighted) that is not present in the other samples. A Raman
band at 3073cm™! that is present in both samples A and E
can be assigned to the carbon-hydrogen stretching mode of
the CH = CH- group, and signifies the presence of unsaturated
hydrocarbons.

Variability within samples was determined by the £1 standard
deviation spread with respect to the average spectra collected
from n = 30 phytoliths. Generally, Raman spectra of different
phytoliths within each sample varied the most in the fingerprint
region and less in the CH region (Figure 3). In addition, the
CH stretching regions of samples B, E S, and M were generally
more variable than in A, C, and D. In the samples exhibiting
higher variability it was more common for a randomly chosen
sub-sample to have little to no signal (Complete 30 spectra are
shown in Figure S3).

A comparison of non-normalized average peak intensities in
the fingerprint region for samples A-F is given in Figure 4A. The
aromatic band intensity at 1603 cm™! is strongest for samples A
and E. Samples B and F show a strong and broad contribution
in the 1300-1500 cm™! region, which is not attributed to group
vibrations of OM and likely originates from inorganic materials.
In the CH region (Figure 4B), the 2907 cm ™! peak intensity for
sample A is 2-3 times higher than C, E, and D. Although B
and F displayed the highest intensity peaks in the fingerprint
region, their peaks in the CH stretching region, though more
numerous, were less intense. Only samples E and A show a peak

TABLE 2 | Summary of Raman band locations and assignments.

A B [+ D E F S M Range(where present) Peak assignments*
- - - - - 1299 - - 1299 (CHo)n deformations
- - - - 1356 - 1355 - 1356 Tertiary (CH) deformation
1411 1415 1413 1413 1413 1415 - - 1411-1415 (CHy) or (CH3)
- 1438 - - - 1439 - - 1438-1439 (CHy)
1450 - 1443 1447 1447 1449 - 1445 1443-1450 (CHy), (CH)
1509 - 1509 1507 1511 - 1510 1510 1607-1511 Asymmetrical aryl ring stretch
1603 - 1603 1603 1602 1605 - - 1602-1605 Aryl stretching vibration
1716 1724 1729 1724 1727 1719 1727 1728 1716-1729 C = O stretch of aldehydes, ketones, esters
- - - - - - 2820 - 2820 CH bending
- 2851 2845 2856 2856 2850 - - 2845-2856 CH antisymmetric and symmetric stretch of aliphatic compounds
- 2882 - - - 2881 - - 2881-2882 CH antisymmetric and symmetric stretch of aliphatic compounds
2905 2907 2907 2908 2907 - - 2909 2905-2909 CH antisymmetric and symmetric stretch of aliphatic compounds
- 2932 - - - 2932 - 2934 2932-2934 CH antisymmetric and symmetric stretch of aliphatic compounds
2939 - - 2941 2938 2938 2939 - 2938-2941 Antisymmetric C-H stretch in -OCHz symmetric CH stretch
2963 2966 2966 2968 2966 2967 - 2969 2963-2969 CH antisymmetric and symmetric stretch of aliphatic compounds
3074 - - - 3073 - - - 3073-3074 (=C-H)

The phytoliths from these samples showed many common OM bands. Planters B and F exhibited a different pattern from the others in the growth experiment. Samples S and M were

included for reference.
*Lambert et al., 1998.
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FIGURE 4 | Comparison of mean non-normalized signal intensities shows variability by sample treatment. Samples A, C, D, and E show common features
both in the fingerprint region (A) and the CH stretching region (B). Sample M is less similar but retains some characteristics of the above. Samples B and F show a
broad higher intensity set of peaks in the fingerprint region and lower intensities in the CH stretching region from the other samples. (C) is the statistical comparison of
peaks 1603, 2907, and 3074 cm~1. Sample A has the highest relative intensity at 2907 cm~1. Asterisks denote statistical differences (*p < 0.05).

at 3074cm™! (unsaturated CH). A graph showing the relative
intensities of the assigned bands at 1603, 2907, and 3074 cm™! is
also shown for clarity (Figure 4C). Mann-Whitney U-test (*p <
0.05) reveals groups A and E have a significantly larger mean
than the rest of the groups at the 1603 cm~! Raman band, but
not between each other. For the band at 2907 cm ™!, the Sample A
mean is significantly larger than all the rest, and Samples B and M
means are significantly smaller. Sample S shows no peak at this
position. Finally, only Samples A and E have a peak at 3074 cm ™!,
with significantly different means.

Discussion

In this study, SRS hyperspectral imaging in combination
with Raman spectroscopy was performed to determine OM
distribution, and signal intensities of average spectra were
compared. Phytoliths from plants grown under different
conditions contained varied carbon contents according to their
Raman bands and intensities (Figure 3). Comparisons were
made both between samples and within samples.

Hyperspectral Imaging

Cell wall templating as discussed above should result in evidence
of cellulose and perhaps lignin at the periphery of the phytoliths
(Zhang et al., 2013). Mapping did not show any evidence of this,
although it cannot be ruled out as the sample preparation could
have degraded the outer layers of the phytoliths. Remnants of
cellular organelles were also not evident in the mapping results.
Cellular organelles are rich in protein and would have resulted
in distinct Raman spectral signatures. We find no evidence
of such spectral signatures, indicating that cellular organelles
cannot be the primary source of the observed OM in the silica
matrix. In addition, there were no discrete organic structures
within the silica matrix or within the dark spots visible in
optical microsopy (Figure 2). The dark spots were devoid of
OM, corroborating recent nanoSIMS findings by Alexandre et al.
(2015). This indicates that silicification likely occurs in cells

that have completely senesced. Based on the VCA analysis of
the hyperspectral SRS imaging in the CH region (Figure 2),
the OM is distributed throughout the silica matrix. This is
consistent with entrapment of dissolved OM, originating either
from the transpiration stream or from the completely degraded
cellular materials, but not entrapment of cellular structures.
This is consistent with previous observations and hypotheses of
phytolith formation (Lawton, 1980; Hodson et al., 1985; Perry
and Fraser, 1991; Sapei et al., 2007; He et al., 2013; Rudall et al.,
2014),

Comparison between Samples
The biggest differences within the growth experiment samples
were noted comparing samples B and F to other samples.
Both of these were grown in sand with no particular organic
media added to the soil, although it should be noted that
the planters were not sealed throughout the course of the
experiment and it is possible that organic carbon could have been
introduced outside the experimental parameters (i.e., birds, bugs,
pollen, etc.). Additionally, some of the commercial substrates
and amendments contained trace organic carbon as supplied
(Table S1), particularly the substrate used in Planter B (Jersey
Greensand, Fertrell, Bainbridge, PA). The carbon may be organic
or inorganic. According to Table 1, sample C should have given
results similar to Sample E but it most closely resembles samples
A, D, and E (Figure 3). Sample B, which has trace organic carbon
in the substrate, yields a spectrum resembling the inorganic
control F. The broad combination of peaks obtained in samples
B and F in the fingerprint region was distinctly different from
the more individualized bands in samples A, C, D, and E. The
signal in the 2800-3150 cm™! region for samples B and F also
differed markedly from other samples in having more peaks, and
lacking the strong band at 2907 cm™~! that was present in the
other samples.

For comparison with our experimental samples we also
included samples from two other sources. The Sorghum biomass
for Sample S came from the ambient plot used as a control for a
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study of atmospheric CO; enrichment (Ottman et al., 2001). In
the fingerprint region Sample S showed a band at 1350 cm ™! that
was much stronger than other bands in its spectrum. Although
this peak coincides with the vibrational frequency of a tertiary
CH group (Table 2), the lack of other diagnostic organic peaks in
this sample does not strongly support this assignment for Sample
S. Another possibility is an NO bond originating from inorganic
soil nitrogen, possibly as nitrates. In a previous study a Raman
band at 1350 cm™! was assigned as a graphite peak caused by
prolonged high heat conditions (Pironon et al., 2001), but our
samples were all prepared under identical conditions (Santos
et al., 2014), and so it seems unlikely that some would contain
graphite while some would not. Additionally, the presence of
graphite should be corroborated by another strong Raman band
at 1580cm~! that is not present. Sample M, obtained from
volcanoclastic soils (Meunier et al., 2010), had an average Raman
spectrum that was more similar to our planter samples than
Sample S, although the signal intensity was low and samples
were more variable (Figure 3). OM was detected in all samples
and Raman spectroscopy revealed differences in the composition.
Few specific compound assignments can be made because of
the complexity of the overlapping peaks; however, in the CH
stretching region, there was strong evidence of carbohydrates
(Pizzini et al., 1988), particularly in Samples A, C, D, and E. Other
samples were not as definitive.

Comparison within Samples

Variability within samples was observed primarily as variations
in peak intensities, though slightly different spectra within
samples were sometimes obtained (Figures S1-S8). In some
samples it was common to find phytoliths with little or no
signal. Differences may have been caused by heterogeneity at the
molecular scale, i.e., our probing spot simply missed the OM in
some sub-samples. This effect may have been exacerbated if the
quantity of OM in some was less than in others. We found more
variability in samples B, E, S, and M.

Signal Intensity

For comparison of quantities of OM in the samples, we examined
the mean non-normalized spectra (Figure 4). Here the direct
comparison of the spectra confirms the differences between the
treatments especially the very broad and intense peak(s) of B
and F in the fingerprint, and the relatively higher intensity of
the peaks in Samples A and E in the CH stretching region, as
exemplified by the larger 2907 cm™! band. The strong signal
in Sample A is very interesting from a mechanistic point of
view as well as for comparison between samples. Sample A was
extracted from biomass grown in potting soil with no additional
silica amendment [aside from the small amount included in
the commercial potting soil (Miracle Gro® Potting Mix, Scotts
Miracle Gro, Marysville, OH)]. Therefore, the amount of silica
available to the plant was much less than in samples grown
in silica sand (and sometimes supplemented with extra silica,
Table 1). The phytolith yield for A was correspondingly low.
Harutyunyan et al. (2014) reported that as a percent of dry
biomass, the phytolith yield of sample A was 0.12% compared
to 0.78, 0.83, 0.83, 1.77, and 1.35% for the other experimental

treatments, samples B-F respectively. Yields of samples S and M
were not given.

In addition, for Sample A the proportion of bilobate phytoliths
to other silica shapes was higher than other samples as
exemplified by a qualitative comparison of images from Samples
A and E (Figure 5). The relatively high signal intensity in A
compared to other samples could represent a concentration effect
because the amount of silica in the transpiration stream would be
lower in proportion to the organics, or it could relate to speed
of precipitation and entrapment of OM into the amorphous
silica (Blackman, 1969; Hodson et al., 1985). The bands cannot
be assigned to a particular type of organic compound, though
the pattern in the CH stretching region is consistent with that
of a carbohydrate (Wiley and Atalla, 1987; Pizzini et al., 1988).
Enhanced carbohydrate signals from polysaccharides such as
cellulose can be related to the mechanism of precipitation. It
has been proposed previously that silicification is preceded by
lignification of plant cell walls (Zhang et al.,, 2013; Rudall et al,,
2014) which would perhaps result in enriched carbohydrate and
lignin signals. We examined the putative carbohydrate peak
at 2907 cm~! and the characteristic lignin peaks at 1603 cm™!
and 3074 cm™! (Figure 3C), and found different intensities
between the samples. The Raman band at 1603 cm™! consistent
with lignin aromatics is corroborated by the unsaturated CH
stretching band at 3074 cm ! (Agarwal and Ralph, 1997).

Carbon Source and Implications

The original motivation for this study was derived from attempts
to explain anomalous radiocarbon results in phytolith deposits
(Santos et al.,, 2014). It was proposed that a soil contribution
to phytolith OM could be the cause of these anomalies (Santos
et al,, 2012). Earlier assumptions of phytolith OM were at least
partly based on entrapment of cellular organelles and other plant
tissues, reviewed in Santos et al. (2012).We did not see evidence

o %
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FIGURE 5 | Optical image of bilobate phytoliths and other silica debris
from Samples A (A) and E (B). Sample E contains more silica remnants of
other tissues. Scale bar = 25 pum.
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of any discrete OM structures in our hyperspectral imaging.
Furthermore, in our samples, the dark spot commonly observed
in phytoliths under light microscopy was devoid of OM. While
these findings do not confirm a soil OM contribution, they
also do not support a hypothesis of trapped cellular organelles.
In addition, according to our results, phytoliths grown with
different soil media contain different OM residues within their
silica matrices. This supports a soil contribution to phytolith
carbon, although it is possible that physiological conditions of the
plant (and by extension, plant metabolites in the transpiration
stream) may also be altered by changing growth conditions.
For radiocarbon dating, the effect of a soil contribution would
be problematic given that natural soil OM is heterogeneous
with respect to composition and age (Schmidt et al., 2011).
Further experiments using fully characterized soil OM, perhaps
combined with analyses of the transpiration stream composition
and subsequent observation of phytolith OM, would be needed
to more fully answer whether soil OM is contributing to
phytolith OM.

Conclusions

Here we have shown that OM is distributed throughout the
silica matrix of phytoliths and is not present as discrete areas,
supporting recent nanoSIMS results (Alexandre et al.,, 2015).
We have also shown, for the first time, that Raman spectra of
phytolith OM changes depending on plant growth conditions.
Further studies are needed to fully determine the cause of these

References

Agarwal, U. P.,, and Ralph, S. A. (1997). FT-Raman spectroscopy of wood:
identifying contributions of lignin and carbohydrate polymers in the spectrum
of black spruce (Picea mariana). Appl. Spectrosc. 51, 1648-1655. doi:
10.1366/0003702971939316

Alexandre, A., Basile-Doelsch, I., Delhaye, T., Borshneck, D., Mazur, J. C,
Reyerson, P, et al. (2015). New highlights of phytolith structure and occluded
carbon location: 3-X-ray microscopy and NanoSIMS results. Biogeosciences 12,
863-873. doi: 10.5194/bg-12-863-2015

Alexandre, A., Bouvet, M., and Abbadie, L. (2011). The role of savannas in the
terrestrial Si cycle: a case-study from Lamto, Ivory Coast. Glob. Planet. Change
78, 162-169. doi: 10.1016/j.gloplacha.2011.06.007

Bauer, P., Elbaum, R., and Weiss, I. M. (2011). Calcium and silicon mineralization
in land plants: transport, structure and function. Plant Sci. 180, 746-756. doi:
10.1016/j.plantsci.2011.01.019

Blackman, E. (1969). Observations on the development of silica cells of the
leaf sheath of wheat (Triticum aestivum). Canad. ]. Bot. 47, 827-838. doi:
10.1139/b69-120

Blecher, I. C., Seidel, R., Thomann, R., and Speck, T. (2012). Comparison of
different methods for the detection of silica inclusions in plant tissues. Int. J.
Plant Sci. 173, 229-238. doi: 10.1086/663969

Carter, J. A. (2009). Atmospheric carbon isotope signatures in phytolith-occluded
carbon. Quarter. Int. 193, 20-29. doi: 10.1016/j.quaint.2007.11.013

Chung, C.-Y,, Boik, ], and Potma, E. O. (2013). Biomolecular imaging with
coherent nonlinear vibrational microscopy. Annu. Rev. Phys. Chem. 64, 77. doi:
10.1146/annurev-physchem-040412-110103

Corbineau, R., Reyerson, P. E., Alexandre, A., and Santos, G. M. (2013).
Towards producing pure phytolith concentrates from plants that are suitable
for carbon isotopic analysis. Rev. Palaeobot. Palynol. 197, 179-185. doi:
10.1016/j.revpalbo.2013.06.001

OM differences and whether they are from soil OM contributions
or from metabolic changes in the plant.

Acknowledgments

The authors would like to thank Araks Harutyunyan for her
efforts extracting and purifying the phytolith samples used here,
and Qiyin Lin of the UCI Laboratory for Electron and X-
Ray Instrumentation for SEM assistance. Raman spectra were
acquired in the Laser Spectroscopy Facility at UCI. The authors
would like to acknowledge support from NSF#CHE-0847097 to
EOP and NSF#DEB-1144888 to GMS. JS was funded by the 2014
UCI NSF REU (Chem-SUREF).

Supplementary Material

The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fpls.2015.
00753

Figures S1-S8 | Raman spectra for 30 measurements of treatments A-F, S,
and M showing variability between the individual phytoliths. Note the scale
difference between the growth experiment samples (A-F) and the reference
samples S and M reflecting the lower peak intensities obtained in S and M.

Table S1 | Details of substrates and soil amendments including
experimentally determined carbon content (adapted from Harutyunyan
et al., 2014).

Table S2 | Planter treatments by commercial amendments (adapted from
Harutyunyan et al., 2014).

Currie, H. A, and Perry, C. C. (2007). Silica in plants: Biological, biochemical and
chemical studies. Ann. Bot. 100, 1383-1389. doi: 10.1093/aob/mcm247

Dietrich, D., Hinke, S., Baumann, W., Fehlhaber, R., Biucker, E., Riihle, G., et al.
(2003). Silica accumulation in Triticum aestivum L. and Dactylis glomerata L.
Anal. Bioanal. Chem. 376, 399-404. doi: 10.1007/s00216-003-1847-8

Elbaum, R., Melamed-Bessudo, C., Tuross, N., Levy, A. A.,, and Weiner, S.
(2009). New methods to isolate organic materials from silicified phytoliths
reveal fragmented glycoproteins but no DNA. Quarter. Int. 193, 11-19. doi:
10.1016/j.quaint.2007.07.006

Freudiger, C. W., Min, W., Saar, B. G,, Lu, S., Holtom, G. R., He, C,, et al. (2008).
Label-free biomedical imaging with high sensitivity by stimulated Raman
scattering microscopy. Science 322, 1857-1861. doi: 10.1126/science.1165758

Gierlinger, N., Sapei, L., and Paris, O. (2008). Insights into the chemical
composition of Equisetum hyemale by high resolution Raman imaging. Planta
227, 969-980. doi: 10.1007/s00425-007-0671-3

Harrison, C. C. (1996). Evidence for intramineral macromolecules containing
protein from plant silicas. Phytochemistry 41, 37-42. doi: 10.1016/0031-
9422(95)00576-5

Harutyunyan, A., Santos, G. M., Alexandre, A., Reyerson, P. E., de la Torre, H.,,
Czimezik, C. I, et al. (2014). Plants, Phytoliths and Photosynthesis: Debunking a
Myth. Irvine, CA: B.S. Honors, University of California.

He, C, Wang, L., Liu, J.,, Liu, X,, Li, X, Ma, J., et al. (2013). Evidence for
‘silicon’within the cell walls of suspension—cultured rice cells. New Phytol. 200,
700-709. doi: 10.1111/nph.12401

Hedegaard, M., Matthdus, C., Hassing, S., Krafft, C., Diem, M., and Popp, J.
(2011). Spectral unmixing and clustering algorithms for assessment of single
cells by Raman microscopic imaging. Theor. Chem. Acc. 130, 1249-1260. doi:
10.1007/500214-011-0957-1

Hodson, M. J., Sangster, A. G., and Parry, D. W. (1985). An ultrastructural study on
the developmental phases and silicification of the glumes of Phalaris canariensis
L. Ann. Bot. 55, 649-665.

Frontiers in Plant Science | www.frontiersin.org

September 2015 | Volume 6 | Article 753


http://journal.frontiersin.org/article/10.3389/fpls.2015.00753
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

Gallagher et al.

Growth conditions alter phytolith carbon

Kamenik, J., Mizera, J., and Randa, Z. (2013). Chemical composition of plant silica
phytoliths. Environ. Chem. Lett. 11, 189-195. doi: 10.1007/s10311-012-0396-9

Kauss, H., Seehaus, K., Franke, R., Gilbert, S., Dietrich, R. A., and Kroger, N.
(2003). Silica deposition by a strongly cationic proline-rich protein from
systemically resistant cucumber plants. Plant J. 33, 87-95. doi: 10.1046/j.1365-
313X.2003.01606.x

Krull, E. S., Skjemstad, J. O., Graetz, D., Grice, K., Dunning, W., Cook, G.,
et al. (2003). 13C-depleted charcoal from C4 grasses and the role of occluded
carbon in phytoliths. Org. Geochem. 34, 1337-1352. doi: 10.1016/S0146-
6380(03)00100-1

Lambert, J. B, Shurvell, H. F., Lightner, D. A., and Cooks, R. G. (1998). Organic
Structural Spectroscopy. Upper Saddle River, NJ: Simon and Schuster.

Lawton, J. R. (1980). Observations on the structure of epidermal-cells, particularly
the cork and silica cells, from the flowering stem internode of Lolium-
Temulentum L (Gramineae). Bot. ]. Linn. Soc. 80, 161-177. doi: 10.1111/j.1095-
8339.1980.tb01663.x

Lim, R. S., Suhalim, J. L., Miyazaki-Anzai, S., Miyazaki, M., Levi, M., Potma, E. O.,
et al. (2011). Identification of cholesterol crystals in plaques of atherosclerotic
mice using hyperspectral CARS imaging. J. Lipid Res. 52, 2177-2186. doi:
10.1194/j1r.M018077

Mclnerney, F. A, Stréomberg, C. A. E., and White, J. W. C. (2012). The
Neogene transition from C3 to C4 grasslands in North America: Stable
carbon isotope ratios of fossil phytoliths. Paleobiology 37, 23-49. doi: 10.1666/
09068.1

Meunier, J. D., Kirman, S., Strasberg, D., Nicolini, E., Delcher, E., and Keller, C.
(2010). The output and bio-cycling of Si in a tropical rain forest developed
on young basalt flows (La Reunion Island). Geoderma 159, 431-439. doi:
10.1016/j.geoderma.2010.09.010

Nandakumar, P., Kovalev, A., and Volkmer, A. (2009). Vibrational imaging based
on stimulated Raman scattering microscopy. New J. Phys. 11:033026. doi:
10.1088/1367-2630/11/3/033026

Ottman, M., Kimball, B., Pinter, P., Wall, G., Vanderlip, R., Leavitt, S,
et al. (2001). Elevated CO2 increases sorghum biomass under drought
conditions. New Phytol. 150, 261-273. doi: 10.1046/j.1469-8137.2001.
00110.x

Parr, J., and Sullivan, L. (2014). Comparison of two methods for the isolation
of phytolith occluded carbon from plant material. Plant Soil 374, 45-53. doi:
10.1007/s11104-013-1847-1

Perry, C. C., and Fraser, M. A. (1991). Silica deposition and ultrastructure in
the cell wall of Equisetum arvense: the importance of cell wall structures and
flow control in biosilicification? Philos. Trans. Roy. Soc. Lond. B Biol. Sci. 334,
149-157. doi: 10.1098/rstb.1991.0104

Perry, C. C., and Keeling-Tucker, T. (2000). Biosilicification: the role of the
organic matrix in structure control. J. Biol. Inorg. Chem. 5, 537-550. doi:
10.1007/5007750000130

Piperno, D. R. (2006). Phytoliths: A Comprehensive Guide for Archaeologists and
Paleoecologists. Lanham, MD: AltaMira Press.

Piperno, D. R,, and Becker, P. (1996). Vegetational history of a site in the central
Amazon basin derived from phytolith and charcoal records from natural soils.
Quarter. Res. 45, 202-209. doi: 10.1006/qres.1996.0020

Piperno, D. R, and Stothert, K. E. (2003). Phytolith evidence for early Holocene
Cucurbita domestication in Southwest Ecuador. Science 299, 1054-1057. doi:
10.1126/science.1080365

Pironon, J., Meunier, J. D., Alexandre, A., Mathieu, R, Mansuy, L.,
Grosjean, A., et al. (2001). “Individual characterization of phytoliths:
experimental — approach and consequences on  paleoenvironment
understanding” in Phytoliths: Applications in Earth Sciences and Human
History, eds J. D. Meunier and F. Colin (Boca Raton, FL: CRC Press),
329-341.

Pizzini, S., Bajo, G., Abbate, S., Conti, G., and Atalla, R. H. (1988). Assessment of
the values of the C-H stretching force constants in sugar molecules. Carbohydr.
Res. 184, 1-11. doi: 10.1016/0008-6215(88)80001-6

Rudall, P. J., Prychid, C. J., and Gregory, T. (2014). Epidermal patterning and
silica phytoliths in grasses: an evolutionary history. Bot. Rev. 80, 59-71. doi:
10.1007/s12229-014-9133-3

Santos, G., Harutyunyan, A., Alexandre, A., Reyerson, P., Gallagher, K., and
Isabelle, B. (2014). “The next chapter of direct phytolith 14C dating: debunking
the myth of occluded photosynthetic carbon exclusivity,” in AGU Fall Meeting
Abstracts (San Francisco, CA).

Santos, G. M., Alexandre, A., Southon, J. R., Treseder, K. K., Corbineau,
R, and Reyerson, P. E. (2012). Possible source of ancient carbon in
phytolith concentrates from harvested grasses. Biogeosciences 9, 1873-1884.
doi: 10.5194/bg-9-1873-2012

Sapei, L., Gierlinger, N., Hartmann, J., Noske, R., Strauch, P., and Paris, O. (2007).
Structural and analytical studies of silica accumulations in Equisetum hyemale.
Anal. Bioanal. Chem. 389, 1249-1257. doi: 10.1007/500216-007-1522-6

Schmidt, M. W. L, Torn, M. S., Abiven, S., Dittmar, T., Guggenberger, G., Janssens,
I. A, et al. (2011). Persistence of soil organic matter as an ecosystem property.
Nature 478, 49-56. doi: 10.1038/nature10386

Smith, F. A., and Anderson, K. B. (2001). “Characterization of organic compounds
in phytoliths: improving the resolving power of phytolith delta C-13 as a tool for
paleoecological reconstruction of C3 and C4 grasses,” in Phytoliths: Applications
in Earth Sciences and Human History, eds J. D. Meunier and F. Colin (Lisse: A.
A. Balkema Publishers), 317-327.

Song, Z. L., Wang, H. L., Strong, P. J., Li, Z. M., and Jiang, P. K. (2012). Plant
impact on the coupled terrestrial biogeochemical cycles of silicon and carbon:
implications for biogeochemical carbon sequestration. Earth Sci. Rev. 115,
319-331. doi: 10.1016/j.earscirev.2012.09.006

Stromberg, C. A., Dunn, R. E., Madden, R. H., Kohn, M. J., and Carlini,
A. A. (2013). Decoupling the spread of grasslands from the evolution
of grazer-type herbivores in South America. Nat. Commun. 4, 1478. doi:
10.1038/ncomms2508

Watling, K. M., Parr, J. F., Rintoul, L., Brown, C. L., and Sullivan, L. A.
(2011). Raman, infrared and XPS study of bamboo phytoliths after chemical
digestion. Spectrochim. Acta Part A Mol. Biomol. Spectros. 80, 106-111. doi:
10.1016/j.saa.2011.03.002

Webb, E. A, and Longstaffe, F. J. (2010). Limitations on the climatic and
ecological signals provided by the delta C-13 values of phytoliths from a C-4
North American prairie grass. Geochim. Cosmochim. Acta 74, 3041-3050. doi:
10.1016/j.gca.2010.03.006

Wilding, L. P. (1967). Radiocarbon dating of biogenic opal Science 156, 66. doi:
10.1126/science.156.3771.66

Wiley, J. H., and Atalla, R. H. (1987). Band assignments in the Raman spectra
of celluloses. Carbohydr. Res. 160, 113-129. doi: 10.1016/0008-6215(87)
80306-3

Wu, Y., Yang, Y., Wang, H., and Wang, C. (2014). The effects of chemical
composition and distribution on the preservation of phytolith morphology.
Appl. Phys. A 114, 503-507. doi: 10.1007/s00339-013-7616-4

Zhang, C., Wang, L., Zhang, W., and Zhang, F. (2013). Do lignification and
silicification of the cell wall precede silicon deposition in the silica cell of the rice
(Oryza sativa L.) leaf epidermis? Plant Soil 372, 137-149. doi: 10.1007/s11104-
013-1723-z

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2015 Gallagher, Alfonso-Garcia, Sanchez, Potma and Santos. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) or licensor are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Plant Science | www.frontiersin.org

September 2015 | Volume 6 | Article 753


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

	Plant growth conditions alter phytolith carbon
	Introduction
	Materials and Methods
	Sample Preparation
	Scanning Electron Microscopy (SEM)
	Raman Spectroscopy
	Mapping with Stimulated Raman Scattering (SRS) Microscopy
	Spectral Comparison


	Results
	Mapping
	Spectral Comparison

	Discussion
	Hyperspectral Imaging
	Comparison between Samples
	Comparison within Samples
	Signal Intensity
	Carbon Source and Implications

	Conclusions
	Acknowledgments
	Supplementary Material
	References


