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Abstract Diatoms are key indicators of marine environ-
mental health. To further understand how diatoms respond
to varying degrees of salinity, either due to climate change
or brine waste discharge into marine environments, two
different diatom species were studied. Thalassiosira pseu-
donana and Chaetoceros muelleri were cultured at three
different salinities namely, 26 practical salinity units (PSU
or parts per thousand), 36 PSU (standard salinity for cultur-
ing of seawater species) and 46 PSU. Changes in silica and
organic content within the cultured diatoms were analysed
using solid-state 29Si{1H} cross-polarization–magic angle
spinning (CP-MAS) nuclear magnetic resonance (NMR)
and attenuated total reflection–Fourier transform infrared
(ATR-FTIR) spectroscopies coupled with analysis of vari-
ance. 29Si CP-MAS NMR showed that qualitatively the Q4:
Q3 area ratios of C. muelleri, grown away from standard
salinities, increased in response to the formation of more
condensed (2 ≡SiOH→≡Si–O–Si≡+H2O) and/or an in-
crease in closely associated organic matter to the Q4 com-
ponent of the diatoms. This was not observed for T.
pseudonana. However, both species showed the appearance
of a new peak centered at 1575–1580 cm−1 in the ATR-
FTIR spectra, designated as the C═N band of nitrogenous

purine-type compounds. Further, the C. muelleri species
was shown to produce more extracellular polymeric sub-
stances at non-standard salinities. On this basis, results
suggest that there is a strong relationship between diatom
composition and salinity and that C. muelleri is more sensi-
tive to its environment than T. pseudonana.
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Introduction

Diatoms are unicellular eukaryotic organisms with an esti-
mated 100,000 species found in salt and fresh water all
around the world [1]. They contain nanopatterned cell walls
built up of biomineralized silica (biosilica) [2]. This biomi-
neralization process is believed to involve two important
classes of biomolecules, namely highly phosphorylated
silaffins [3] and long chain polyamines [4]. Current under-
standing is that the formation of the silicified cell wall is via
intracellular transport of monosilicic acid [Si(OH)4] (present
in natural environments at concentrations of 1–100 μM [5])
and subsequent polymerization occurs at a localized region
within the diatom called a silicon deposition vesicle (SDV)
[6, 7]. Within the SDV, lumen organic components such as
polysaccharides and proteins have been suggested to influ-
ence silica morphogenesis, thus controlling biogenetic path-
ways in the formation of the characteristic diatom
nanopatterns. This is believed to be achieved by influencing
the kinetics of Si(OH)4 polycondensation and/or providing a
template for silica nanoparticle deposition [8].

Previous studies have employed 29Si, 13C, 1H, 15N and 31P
solid-state nuclear magnetic resonance (NMR) spectroscopy
in an attempt to understand the process of biomineralization.
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In particular, it has been successfully used to study the bio-
chemical and elemental composition of various marine plank-
ton [8, 9], the silicon uptake and metabolism of the diatom
Thalassiosira pseudonana [2], as well as the characterization
of diatom cell walls [10]. Similarly, liquid state 13C and 29Si
NMR spectroscopy have been used for the analysis of lipids in
Neochloris oleoabundans [11], compositional analysis of
whole cells of T. pseudonana [12], compositional analysis of
whole cells and lipid extracts of C. muelleri [13], analysis of
humic substances and isolates of Phaeodactylum tricornutum
[14], observation of the formation of hexavalent silicon com-
plexes inNavicula pelliculosa [15] and the analysis of glucans
extracted from diatoms [16, 17].

As a non-destructive technique, solid-state 29Si NMR
spectroscopy affords unique insights into the coordination
of silicon atoms in biogenic silica within the diatom frus-
tules. Of significance is that the technique can be used to
observe alterations in the diatoms silica structure, such as
the degree of hydroxylation (−OH groups) or –O– bridging
(condensation).

Typical silicon environments observed in the 29Si spectra
of diatoms are designated [Q2] Si(OSi≡)2(OH)2, [Q3] Si
(OSi≡)3(OH) and [Q4] (Si(OSi≡))4, as shown in Fig. 1,
where “n” of the Qn refers to the number of Si–O groups
bonded to the central Si atom, with the structure becoming
more rigid with the loss of the hydroxyl groups [2, 8, 10].

To date, solid-state 29Si NMR spectroscopy has not been
used to study the effects of changes in salinity on diatom
molecular architectures. Salinity changes not only occur due
to regular climate change and seasonal summer evaporation,
but also as a result of the discharge of brine effluent into
marine environments from industrial desalination plants.
The effect of these salinity changes on the molecular archi-
tecture of diatoms may define the adaptability of certain
diatom species.

In terms of understanding dynamic changes induced in
diatom growth, Fourier transform infrared (FTIR) spectrosco-
py is another technique which provides invaluable, fast chem-
ical characterization of, in particular, the organo-chemical
components of diatoms. Investigations have used FTIR to
study diatom interactions with heavy metal ions and acid–
base equilibria [18], the effects of nitrogen deprivation [19],

understanding diatom valve formation and the organo-silica
compounds involved in the process [20], elucidating chemical
composition to determine nutritional status [21], and the for-
mation of brucite [Mg(OH)2] by the diatom P. tricornutum
under stress [10]. FTIR spectroscopy has not previously been
used to look at effects of changes in salinity on diatoms.

Here, we report on the structural and chemical character-
ization of the molecular architecture of biomineralized silica
and organo-chemical functionalities of two centric diatom
species, C. muelleri and T. pseudonana cultured at different
salinities, namely 26, 36 and 46 PSU. Using solid-state 29Si
NMR and ATR-FTIR spectroscopies we show that C. muel-
leri appears to be more stressed by culturing in non-standard
salinities and that they respond to changes in salinity by
producing a more condensed silica structure and more pro-
teinaceous materials.

Materials and methods

Diatom culturing

Cultures of C. muelleri (CS-176) and T. pseudonana (CS-
20) diatom cells were obtained from the Australian National
Algae Culture Collection (ANACC). Cells (25 mL) were
inoculated into f/2 medium [22] (225 mL) at 26, 36 and 46
practical salinity units (PSU or parts per thousand). Salin-
ities of ±10 PSU from standard conditions for culture sea-
water algae (36 PSU) were chosen to reflect the increases
and decreases of salinity in the environment, i.e. due to
seasonal changes, drought, floods and/or brine discharge
into marine environments. The cultures were grown with a
light/dark photoperiod of 12 h/12 h at 20 °C for 14 days,
after which the cultures were inoculated again in a 1:10 ratio
(200 mL culture: 1,800 mL f/2 medium) to a total volume of
2 L, and grown under the same conditions for another
14 days to obtain the biomass required for the experiments.
The sizes of the diatoms, using scanning electron microsco-
py (data not shown), were estimated to be 3 μm and 5.5 μm
for C. muelleri and T. pseudonana, respectively.

29Si{1H} CP-MAS NMR spectroscopy

In order to mitigate any potentially adverse changes in the
polymerization state of the silica during harsh drying pro-
cesses [8], such as freeze-drying, the diatom samples were
dried by transferring either C. muelleri or T. pseudonana
cells, in f/2 media, into Petri dishes and exposing them to a
stream of nitrogen for 12 h. This process accelerates the
drying process prior to the dried cells being placed in a
desiccator ready for analysis. The samples were then mea-
sured by solid-state 29Si{1H} cross-polarization coupled to
magic angle spinning (CP-MAS) spectroscopy at 22 °C on a

Fig. 1 Typical silicon environments observed in diatom frustules, Q2
(left), Q3 (centre) and Q4 (right)
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Bruker 400 MHz Avance III UltraShield NMR spectrometer
with Bruker MAS II with rotors (ZrO2; diameter, 4 mm
(Wilmad Labglass)) containing ∼100–200 mg of sample.
The experimental details for the 29Si{1H} CP-MAS NMR
experiments were as follows: 29Si, 79.5 MHz; spinning rate
5 kHz; variable amplitude (ramp) contact time 2 ms; 90° 1H
transmitter pulse length, 2.6 μs; acquisition time 30 ms;
repetition time, 3 s; number of scans 64–80,000. Peaks were
referenced to sodium 2,2-dimethyl-2-silapentane-5-sulfo-
nate at 0 ppm. Peak areas were determined by fitting the
spectra to a sum of Gaussian functions using a non-linear
least squares fitting algorithm. Errors in percentage peak
areas and peak ratios were determined via a full propagation
of errors analysis using the covariance matrix returned by
the fitting algorithm [23].

ATR-FTIR spectroscopy

C. muelleri or T. pseudonana cells in f/2 media (1.25 mL)
were pipetted into an Eppendorf tube and centrifuged
(Eppendorf miniSpin Plus) for 30 min at 2,500 rpm
(∼2,300×g), after which the f/2 medium supernatant was
discarded. Purified water (Millipore Milli-Q system)
(1 mL) was then added and the samples were centrifuged
for a further 20 min at 4,500 rpm (∼4,100×g) and the
supernatant discarded. This wash and centrifuge was repeat-
ed a further two times. The centrifugal forces (g-forces) used
here have been previously shown to not damage the diatom
cells [8]. The now washed diatom cells were then left to dry
for 72 h in air. ATR-FTIR spectra were recorded on a
PerkinElmer Spectrum 400 equipped with an ATR module.

The ATR crystal was zinc selenide with an angle of total
reflection of 45° at 1000 cm−1 and a depth of radiation
penetration (pathlength) of 6 μm. The ZnSe crystal had a
refractive index of 2.4 and a 3 bounce system was used for
measurements. The dried diatom samples we placed directly
onto the ZnSe crystal and scans were performed with a
resolution of 2.00 cm−1 over a range of 4000–650 cm−1,

with 16 scans per run. We estimate the penetration depth to
be around 0.6–1.3 μm [24]. Each sample preparation was
carried out in triplicate. All spectra were background sub-
tracted and normalized to the Si–O–Si peak at 1062 cm−1 for
C. muelleri and 1063 cm−1 for T. pseudonana.

Statistical analyses of ATR-FTIR spectra

Different regions of the ATR-FTIR spectra corresponding to
the functional group/structure are presented in Table 1. Data of
peak intensities for each functional group/structure were not
normally distributed (Kolmogorov–Smirnov test, p<0.001)
and were square-root transformed before being normalized.
An Euclidian resemblance matrix was subsequently created
using PRIMER-E v.6 and a two-way mixed model PERMA-
NOVA (maximum permutations=9,999) was used to test
differences between species (i.e. C. muelleri and T. pseudo-
nana) and salinity treatments (26, 36 and 46 PSU), which
were used as factors. When the main PERMANOVA tests
were significant pairwise tests were conducted to determine
which factors were responsible for significance.

Results and discussion

29Si{1H} CP-MAS NMR study of C. muelleri
and T. pseudonana cells

The CP NMR technique is based on the signal enhancement of
a low abundance or low magnetogyric ratio (γ) nucleus X via
the transfer of polarization from a high-abundance and high
magnetogyric ratio nucleus (such as 1H) and can be used here
to study 29Si [29]. The efficiency of the X{1H} CP transfer to
29Si depends on the distance between the two nuclei. However,
this distance-dependence of the signal intensity also implies
that the resulting data are only qualitative. Nonetheless, this
technique provides valuable information for comparing the
spectra of the diatoms grown at various salinities.

Table 1 Typical functional
group and structure assignment
for peaks observed in FTIR
spectra of diatoms

aν is a stretch, sym is symmetrical
vibration

Wavenumber (cm−1) Functional group/structurea Reference

3280 ν(O–H), ν(N–H), water, carboxylic acids [18, 20, 25]

3010, 2950, 2920, 2850 ν(C–H), ν(CH2), ν(CH3), lipids [18, 19, 24, 26]

1730–1740 Ester groups, fatty acids and lipids [18–20, 26]

1650–1630 ν(C═O) (Amide I), proteins, silica [19, 20, 25–27]

1540, 1570 N–H bending (Amide II), proteins [18–20, 26, 27]

1430, 1460 CH2, CH3, C–O, COO
−, proteins [19, 20, 26]

1410–1420 Carboxylic acids [18]

1380 CH2, CH3, C–O, COO
− bending, proteins [19, 26]

1060 sym ν(Si–O–Si), polysaccharides [18–20, 26, 28]

700–800 sym ν(O–Si–O), sym ν(Si–O–Si) [18, 20, 28]
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The 29Si{1H} CP-MAS NMR spectra of C. muelleri and
T. pseudonana cells grown in salinities 26, 36 and 46 PSU
are shown in Fig. 2a and b, respectively.

Visible in the spectra are the typical patterns of amorphous
silica with resolved Q2 (δ=−93 ppm), Q3 (δ=−102 ppm), and
Q4 (δ=−112 ppm) signals [29]. No peaks were observed that
could be attributed to monosilicic acid (approximately
−70 ppm), or to higher coordinated silica structures of hyper-
coordinated organo-silicon complexes (approximately
−120 ppm) [8]. In particular, monosilicic acid has been sug-
gested as being a silica precursor compound [8].

The broad line widths reflect disordered local 29Si envi-
ronments due to a large distribution of compounds, bond
lengths and/or bond angles [30]. Interestingly, for C. muel-
leri cultured at 36 PSU (Fig. 2(a)) the line width of the Q2-
based silicon peak (centred at −93.0±0.1 ppm) is narrower
and the peak itself more pronounced than at other salinities.

This may indicate a more specific type of compound asso-
ciated with this species.

In the interests of preparing comparative data, Gaussian fits
were performed on the spectra. During the fitting procedure, it
was found that the Qn peak positions remained constant
(within fitting error) for diatoms cultured in various salinities.
For reliable determinations of the peak areas, all spectra were
fitted simultaneously with common peak positions, whilst the
peak width and peak area were allowed to vary for each peak
in the spectrum. The peak maxima, percentage peak areas and
Q4:Q3 ratios are shown in Table 2.

For C. muelleri, it is clear that when cultured under
standard salinity for seawater species (36 PSU) there
was a greater contribution (20.1±0.7) from Q2-based
silicon (at −93.0±0.1 ppm) compared to diatoms cul-
tured at 26 PSU (8.5±1.6) and 46 PSU (not detectable);
see Table 2. Interestingly, the Q3-based silicon [Si
(OSi≡)3(OH)] content at −102.2±0.2 ppm remained
mostly unchanged at 48.2±4.7, 45.7±4.3 and 43.5±3.8
for 26, 36 and 46 PSU, respectively. The more con-
densed Q4-based silicon content [(Si(OSi≡)4)], observed
at −111.8±0.6 ppm, increased as C. muelleri was cul-
tured in salinities away from 36 PSU (34.3±4.2) to
43.4±4.3 at 26 PSU and 56.5±3.8 at 46 PSU. This
lower Q2 content and higher Q4 content of the C.
muelleri cultured away from 36 PSU indicates that these
diatoms have a more condensed silicon structure and/or
organic material that is tightly bound to the silica. With
potentially lower hydroxyl group content, and thus more
hydrophobic and rigid frustules the passage of nutrients
into the silica network may be inhibited [31]. In this
case, it may be that when C. muelleri diatoms are
stressed by culturing in non-standard salinities that they
change their silica structure in the frustules in order to
regulate osmosis [31].

For comparative analysis, it is appropriate to compare
Q4/Q3 area ratios between the different salinities for a
given species rather than between species at a given
salinity. These Q4/Q3 area ratios (Table 2) were then
used to try and identify which salinity had the more
profound effect on the diatom cells. Table 2 shows that

a

b

Fig. 2 Qualitative comparison of overlaid solid-state 29Si{1H} CP-
MAS NMR spectra of a dried C. muelleri and b dried T. pseudonana
whole cells grown in 26, 36 and 46 PSU

Table 2 Deconvoluted peak chemical shifts (ppm) and associated
calculated percentage areas for C. muelleri. Quoted errors are 2 stan-
dard deviations (95 % confidence interval)

CM 26 PSU
% area

CM 36 PSU
% area

CM 46 PSU
% area

Q2 (−93.0±0.1 ppm) 8.5±1.6 20.1±0.7 –

Q3 (−102.2±0.2 ppm) 48.2±4.7 45.7±4.3 43.5±3.8

Q4 (−111.8±0.6 ppm) 43.4±4.3 34.3±4.2 56.5±3.8

Q4:Q3 Area ratio 0.90±0.18 0.75±0.16 1.30±0.20
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for C. muelleri the Q4/Q3 area ratios appear highest at
46 PSU (1.30±0.20), followed by 26 PSU (0.90±0.18),
and finally the lowest at 36 PSU (0.75±0.16). This
change or increase in Q4/Q3 area ratio away from
standard salinities may be a result of increased silicon
condensation and/or increase in organic material in inti-
mate contact with the Q4-type silica. This implies that
there may be a change in biosilification as C. muelleri
attempts to adapt to changes in salinities. Further,
higher salinities may require a stronger need to regulate
osmotic flow into the cells than lower salinities.

On the contrary when T. pseudonana was cultured at
different salinities there were no dramatic changes in the
Q2-, Q3- or Q4-based silicon content (see Table 3). This
would indicate that T. pseudonana, unlike C. muelleri, is
reasonably unaffected by changes in salinity.

FTIR-ATR study of C. muelleri and T. pseudonana cells

Figure 3A and B show the overlaid normalized FTIR-
ATR spectra of dried washed (A) C. muelleri and (B) T.
pseudonana whole cells cultured in salinities of (a) 26
PSU, (b) 36 PSU and (c) 46 PSU, respectively. Typical
peak assignments are shown in Table 1. Vibrations
attributed to the aliphatic region between 3010–
2850 cm−1 and the silica network between 1250–
900 cm−1 of both species do not appear to alter greatly
between salinities (Fig. 3A and B). However, for each
species there does appear to be stronger absorption
features in the amide II region [18–20, 26, 27] at
1500–1590 cm−1 (region marked between dotted lines)
for the diatoms cultured at 26 and 46 PSU (Fig. 3A(a)
and B(c), respectively) than at 36 PSU (Fig. 3A(b)). In
Fig. 3A and B, for both 26 PSU (a) and 46 PSU (c),
the overall intensities of the amide II peaks (region
marked between dotted lines) for the different species
relative to the amide I bands between 1628–1631 cm−1

is far higher than at 36 PSU (b). This is in good
agreement with findings by Fujuii et al. [32] who used
gas chromatography–mass spectrometry to show that C.
muelleri grown at elevated salinities (>50 mM NaCl)

exhibited a gradual increase in the free amino acid,
glutamic acid. They proposed that this increase in ami-
no acid production acted as a strong contributor to
osmoregulation in the species. Here, we observed an
increased protein production, perhaps in response to
osmoregulation of these species at salinities away from
36 PSU. An important consideration then is how this
may contribute to an increase in extracellular polymeric
substance (EPS) production in harsh environments. Fur-
thermore, the amide II bands in both (a) and (c) spectra
are split into two with the evolution of an interesting
unusual weaker but well-resolved peak at ∼1575–
1585 cm−1 in both species grown away from standard
salinities. Moreover, the band centred at ∼1650 cm−1

may also be a combination of several groups (other
than amide I). Its nonsymmetrical shape and the broad-
ness show the complexity of its composition. Absorp-
tions due to C═C and C═N stretching vibrations are
expected in this region of frequencies. Tsuboi et al. [33]

Table 3 Deconvoluted peak chemical shifts (ppm) and associated
calculated percentage areas for T. pseudonana. Quoted errors are 2
standard deviations (95 % confidence interval)

TP 26 PSU
% area

TP 36 PSU
% area

TP 46 PSU
% area

Q2 (−93.9±0.6 ppm) 10.7±1.6 12.0±1.5 15.9±2.0

Q3 (−102.4±0.1 ppm) 54.6±2.7 57.1±2.2 56.9±2.7

Q4 (−112.1±0.2 ppm) 34.7±1.4 30.9±1.1 27.2±1.1

Q4/Q3 Area ratio 0.64±0.06 0.54±0.04 0.48±0.04

A

B

Fig. 3 Normalized FTIR-ATR spectra of dried washed A C. muelleri and
B T. pseudonana cells grown in different salinities (a) 26 PSU, (b) 36 PSU
and (c) 46 PSU. The spectra have been offset for convenience of viewing

Analysis of diatoms grown at different salinities 3363



assigned calculated frequencies at 1631 and 1582 cm−1

to ν(C═C) and ν(C═N), respectively, with a contribu-
tion to each of these frequencies of v(C-5–C-6). In
particular, the C═N band at 1575 cm−1 has previously
been assigned to adenine [34, 35].

Further compositional changes can be observed in the
region of the ester carbonyl stretching vibrations (at approx-
imately 1750 cm−1) in particular Fig. 3A(b) for C. muelleri
at 36 PSU, but not for T. pseudonana (Fig. 3A(b)). Two
bands are present which are more intense relative to the
neighbouring bands, i.e. to the protein-related amide I/II
bands at ∼1628–1500 cm−1, than at both 46 PSU (a) and
26 PSU (c). This may correlate with a possible higher
content of lipids, as the corresponding fatty-acid C–H
stretching region (∼2840–3000 cm−1) in spectrum (b)
appears relatively more intense.

PERMANOVA tests of the FTIR-ATR spectra indicated
that C. muelleri cultured at non-standard salinities (26 and
46 PSU) showed significant differences in some of the
functional groups/structure identified in Table 1. The signif-
icant changes were mainly in functional groups/structure
corresponding to amino acids and proteins in the region
1560–1590 cm−1 (Table 4). Hecky et al. [36] suggested that
proteins with hydroxyl-containing amino acids may be in-
volved in templating the diatom silica structure by forming
ester bonds through a condensation reaction with silicic
acid. In particular, the structural availability of the amino
acids as nucleation sites could determine the degree of
cross-linking between the silica and the protein template.
This would then suggest that salinity has an impact on the
templating of the diatom silica. This would suggest that C.
muelleri produced higher amounts of EPS at salinities away
from 36 PSU, which may be indicative of the diatom expe-
riencing stress [37] and as such produce more mucilage than
the diatoms in 36 PSU (Table 4). It has indeed been shown
in previous studies that EPS is linked to extracellular mech-
anisms of diatom cell protection at high salinities [38].
Interestingly, there is a significance difference away from

standard salinities for both species in the 1560–1590 cm−1

region of the spectra. Thus, both species produce this partic-
ular C═N nitrogenous purine-based material when stressed.

Conclusion

In summary, we present results of solid-state 29Si{1H} CP-
MAS NMR spectra without any extraction or silica dissolu-
tion of diatoms thus preserving frustule integrity. The study
sheds new light on the differences in two different diatom
species C. muelleri and T. pseudonana abilities to adapt to
various changes in salinity.C.muelleri diatom cells have been
shown to be the most affected by salinity with changes by up
to ±10 PSU. However, they are more greatly affected by high
salinities (46 PSU) rather than lower ones (26 PSU) in which
they produce more condensed, hydrophobic and rigid silica
structures and/or organic material closely linked to the con-
densed silica. They also appear to respond to salinity changes
by producingmore proteinaceous materials which may impact
on the templating of the diatom silica. In both species, a new
peak appeared between 1560 and 1590 cm−1 in the ATR-FTIR
spectra as the diatoms were cultured away from standard
conditions this peak has be assigned to nitrogenous purine-
type compounds. Finally, C. muelleri was also been shown to
produce more EPS compared to T. pseudonana which may
help combat the changes in salinity for this species.

This study is an important step towards the advancement
in monitoring the potential adaptation strategies of diatoms
with changes in salinity, either due to discharge of brine
effluent from desalination plants or climate change.
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Table 4 Summary of the PER-
MANOVA tests FTIR range (cm−1) Significant difference

between species
Significant difference
for T. pseudonana

Significant difference for C. muelleri

Entire spectra P<0.05 36,46 PSU; P<0.05

3100–3800

1800–3100 36,46 PSU; P<0.05 36,26 PSU; P<0.05

1680–1800 P<0.05 36,46 PSU; P<0.05 36,26 PSU; P<0.05

1590–1680 P<0.05 36,46 PSU; P<0.05 36,26 PSU; P<0.05

1560–1590 36,46 PSU; P<0.05
36,26 PSU; P<0.05

36,46 PSU; P<0.05 36,26 PSU; P<0.05

1500–1560 36,46 PSU; P<0.05 36,26 PSU; P<0.05

1400–1500 P<0.05 36,46 PSU; P<0.05 36,26 PSU; P<0.05

900–1300 P<0.05 36,46 PSU; P<0.05 36,26 PSU; P<0.05
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