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Analysis of organic components in the test wall of agglutinated foraminifera
by Fourier Transform Infrared and Pyrolysis Gas Chromatography!
Mass Spectrometry
K1THRYN ALLEN, STEPHEN ROBERTS and JOHN W.A1URRAY
x-C-,,:-.:?l oi Ocean and Earth Science, Southampton Oceanography Centre, Empress Dock, European Way,
~:champton, S014 3ZH, UK.

ABSTRACT
Fourier Transform Infrared spectroscopy and Pyrolysis Gas Chromatography /Mass Spectrometry
are techniques that reveal specific information on the nature of organic materials in the test walls
of agglutinated foraminifera. Organic linings and tests from agglutinated foraminifera
Astrammina rara Rhumbler, Jadammina macrescens (Brady), Troclwmmina illJIata Montagu, and
additionally the lining from calcareous foraminifera Ammonia beccarii (Linne) were isolated and
analysed. Analysis of reference materials, chitin and collagen, enabled comparison with organic
components in foraminifera test walls. Absorptions within FT-IR spectra highlight the presence
of protein, protein secondary structures, and specific amino acid and carbohydrate components
present in foraminiferal tests, linings and also reference materials. Spectral enhancement
techniques were used to reveal detail about the secondary structure of the proteins from lining and
shell materials. Pyrolysis GC/MS results indicate that protein is the main constituent, with a
smaller carbohydrate component in all foraminiferal organic linings and shells. Results from both
analytical techniques indicate that foraminiferal linings and cements are glycoproteinaceous
materials. Similarity was striking between the FTIR spectra, and pyrolysis GC/MS products from
both collagen and foraminiferal materials, suggesting that the latter resemble collagen in
structural and molecular form.

INTRODUCTION
Agglutinated foraminifera shells have organic
components (linings and cement) of a muco-polysaccharide, or glycoprotein nature (Hedley, 1963), in
which the basic biomolecular structure has a proteinaceous part linked to an amino sugar/ glycogen
~nit (Stryer, 1975). Further analysis has indicated
that the organic material contains, or has derivatives of, galactosamine or glucosamine moieties, and
hence the term glycosaminoglycans (GAGs) was suggested to be more appropriate (Langer, 1992).
Additionally the GAGs are thought to be sulphated
(Hedley, 1963; Langer, 1992). The presence of sulphated GAGs provides surfaces which are negatively charged and which associate with hydrogen
ions. These components readily interact with other
charged interfaces i.e., inorganic surfaces, or with
positively charged metal ions in solution (Langer,
1992). Details of the precise composition of the
organic material are scarce, as many biochemical
techniques require substantial amounts of material
for analysis and this is not available in agglutinated foraminifera (Bowser & Bernhard, 1993).
The application of advanced high resolution
spectroscopic techniques in the investigation of
organic test materials will enhance previously
acquired information. The mechanisms employed by
the agglutinated foraminifera using adhesive mate-

rials to aid, and form secure structures, in test wall
construction, in aqueous environments, may hold specific information useful in wider applications.
Additional information regarding the composition
of the organic components (cements and linings) may
enhance the established classification scheme. The
resistance to degradation, and overall strength of
the organic materials, may be important for
research in areas of materials science and underwater technology (Bowser & Bernhard, 1993), as strong,
and resilient organic materials with good binding
capabilities may be advantageous in certain situations. Organically cementing agglutinated foraminifera do not biomineralize their test components,
differing from other calcareously cementing forms.
Hence the organic fraction produced by agglutinated
foraminifera must vary from that reported in other
biomineralizing organisms (Mann et aI., 1997).
Investigation into the form of this more primitive
material may reveal basic structural and compositional differences. Biomimetic investigation
(the way organisms produce or sculpt minerals) is a
topic of current research interest. The organically
cementing agglutinated foraminifera form a gap in
the evolutionary process of biomineralization as
they have succeeded without the need for secreted
minerals, using instead those previously obtained
from the surrounding environment.
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The foraminifera used in this study were individual specimens of Trochammina inflata Montagu,
Jadammina macrescel1S (Brady) (temperate marsh
foraminifera) and the giant Antarctic foraminifera
Astrammilla rara Rhumbler (Plate 1). The foraminifera selected all have abundant organic components that can be isolated from the shells with relative ease. Calcareous foraminifera, Ammonia beccarii (Linne), were used for comparative analysis.
Chitin (a glycosaminoglycan) and collagen (a glycoprotein) (Sigma') were also analysed to provide
information as model biomolecular structures.
MATERIAL AND METHODS
Samples of Antarctic foraminifera were obtained by
methods outlined by Bowser & Bernhard (1993).
Temperate marsh foraminifera and calcareous
foraminifera were collected from marsh inlets in
Swanwick and Warsash near Southampton by random surface scraping (top few mm of mud). Samples
were washed and sieved (63 J1m) and then dried.
Specific foraminifera species were picked and stored
in separate glass tubes, ready for further analysis.
To obtain detailed information on only the
organic part of the shells (lining and interstitial
cement), the inorganic mineral particles were initially removed, by techniques typically used in
palynology preparations: treatment with hydrochloric acid (30% w Iv) (2-3 hours), hydrofluoric
acid (28% w Iv) (2-3 hours) and then finally boiling
in hydrochloric acid (10% w Iv) (20 seconds).
Calcareous foraminifera linings were isolated by
treatment with dilute hydrochloric acid (10% w Iv).
Reference glycoproteins, collagen and chitin, were
also treated with similar reagents under the same
conditions to see the effect of the chemical
treatments.
Analytical methods used were Fourier Transform
Infrared (FT-IR) spectroscopy and pyrolysis Gas
Chromatography Mass Spectrometry (py-GC/MS)
both of which require only small amounts of
material for successful analysis.
Infrared spectroscopy
Test linings, other organic components (cement) and
reference materials were analysed with the FT-IR
microprobe. Molecular units, protein and carbohydrate components, individual amino acids and the
protein secondary structure, i.e., alpha helices and
beta sheets, can be identified with the use of FT-IR
spectroscopy (Haris & Chapman, 1992; Fessenden &
Fessenden, 1979; Smith et ai., 1994, Fabian et ai.,
1996).
Analysis was performed with a Nicolet™ 460
Protege, Magna IR technology FT -IR microprobe
with a Nic-plan™ IR microscope. The data were
acquired and manipulated with Omnic software.
Infrared bench conditions were as follows throughout the analysiS; acquisition time 200 seconds, band
resolution of 4 cm- l , and gain 2. Background subtraction takes place after each acquisition to remove
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additional components from the spectra. The spectral range was 4000-600 cm- l . Noise levels were monitored throughout the experiments, and found to be
very low.
Foraminiferal components, shells and linings,
were additionally treated with deuterium oxide
(D 20). Samples were placed in glass tubes containing
D 20 over a period of 24 hours prior to analysis with
FT-IR spectroscopy. Crushed foraminifera were used
for FT-IR shell analysis. Results obtained from
transmitted infrared through a thin layer of shell
were of superior quality compared to those from a
diffuse reflective mode.
It is often difficult to separate individual subcomponents within complicated spectra that
strongly overlap and hence the use of methods such
as Fourier Self Deconvolution (FSD) have proved to
be effective for the separation of strongly overlapping bands, increasing the accuracy of measured
peak positions (Braiman & Rothschild, 1988). FT-IR
spectra with good signal to noise ratios and high
wave number precision can be manipulated easily
and efficiently by a computer. When the Fourier
Transformation is calculated, the width of the
resulting spectral band will be less than that of the
original convoluted band. Conformational studies of
proteins are best carried out in D2 0, reducing the
possibility of band enhancement due to artefacts
e.g., the O-H vibrations arising from water
molecules. The enhancement technique, Fourier SelfDeconvolution, was applied to all spectra to reveal
more information from specific regions. Within the
Fourier Self-Deconvolution option within the Omnic
computer software enhancement, variable settings
for bandwidth and enhancement factors were
altered depending on specifiC spectral characteristics. Enhancement factors were set below 3, and
band-width set to a value approximately <16cm- l .
Pyrolysis Gas Chromatography I Mass
Spectrometry
Analytical pyrolytic GCIMS methods are used to
obtain fingerprints of tiny quantities of organic
materials, which can then be compared to reference
traces. Moieties present within the pyrogram, with
characteristic mass spectra, can then be potentially
assigned to original components which give distinctive pyrolysis products (Van der Kaaden et ai.,
1984).
Many papers cover aspects of pyrolysis of substances containing proteins, carbohydrates and
lipids (Stankiewicz et ai., 1997; Lapolla et ai., 1992;
Briggs et ai., 1995). Foraminifera have organic
material within the shells thought to be glycoproteinaceous in nature. Hence the main pyrolysis
products should indicate that there are protein and
carbohydrate moieties within the original structures. The Py-GC/MS technique was applied to
foraminifera shells, and then to organic material
from the foraminifera, T. inflata, J. macrescens, and
A. rara. Collagen, a glycoprotein, and chitin, a
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glycosaminoglycan, were used as model reference
substances.
To ensure that foraminiferal linings were not contaminated during preparation procedures, the material was treated with dichloromethane (DCM)
before being placed in a quartz glass tube, which
had a plug of silica wool to support the foraminifera
linings. DCM was then introduced down the tube
with a pipette to ensure that all contaminants were
removed. A blank run was performed with only
quartz wool, washed with DCM throuph the tube
prior to analysis. The quartz tubes (CDS 1000) were
placed inside the coil of the pyroprobe and then
pyrolysed in a flow of helium (0.65 kg cm 3 ) for 5 s.
The pyrolysis interface was held at 200°C, the GC
injector maintained at 210°C, and the flame ionisation detector (FID) at 320°C. The temperature of the
GC/MS transfer line was set to 310°C. The GC oven
was operated under the following programme:
isothermal for 5 minutes at 35°C temperature programmed at 4°C min- l to 310°C, and then isothermal
for 10 minutes. The mass spectrometer was operated
in full scan mode (m/z 40-650),1 scan/s, 70 eV ionisation voltage, 300 mA emission current, and an ionisation source temperature of 170°C. Peaks were identified, based on their mass spectral characteristics
and GC retention times, by comparison with the
National Institute of Standards and Technology
(NIST) mass spectral library and published GC and
MS data (Stankiewicz et al., 1996). Additionally
spectral identifications were based on spectra
obtained from reference materials, chitin and
collagen.
RESULTS AND DISCUSSION
FT-IRi Foraminiferal organic components
The main regions of absorption within the mid
infrared (600-4000 em-I) for the foraminiferal linings
and reference materials occur at 3100-3600, 31002800, 1690-1630, 1560-1500, 1400-1200 cm- l and 1180800 cm- l (Figure 1a-f [1-10D. These regions will be
discussed individually and attempts made to relate
absorptions to specific molecular vibrations.
Treatment of reference glycoproteins with hydrochloric and hydrofluoric acids under the same conditions used for the foraminifera samples did not
result in any d_etectable spectroscopic alteration of
band frequecies in the residual material.
. At 2956, 2873, 2926, and 2854 em-I, absorptions
anse from CH 3 and CH 2 antisymmetric and symmetric stretching modes respectively (Kokot et al., 1994;
Bellamy, 1975). These absorptions are clear in all
the spectra obtained from foraminifera shells and
linings (Figure 1c-f [3D, and are in a region where
their identification is not hampered by any
p?ten~ial overtone ~ands. These are the only
vIbratIons that uneqmvocally identify the presence
of organic substances within an agglutinated
foraminifera shell.
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Figure 1. Comparison of FTIR spectral absorbances in the
4000-4?Ocm- 1 wa,,:e~umbe.r ~ange, in spectra obtained from
an.aIY~ls of foranyn!feral h~mgs and standard materials (af) mdlc.a!e that SImIlar regIOns of absorption (1-8) relating
to speCifIC molecular stretches and bends can be identified.
Absorption at 2800-3000 cm- I arise from C-H bonds within
organic structur~s (3). Absc:rp~ion at 3088 cm- l relates to
CH=CH bond VibratIons wltFun carbohydrate ring structures (2). N-H stretching vibrations, and O-H stretcning vibrations form a broad absorption from 3000-3700 cm- l (1).
l

Chitin has well resolved absorptions at 3115 cmarising from CH=CH stretching (Figure 1a [2D, at
2963 and 2876 cm- l (CH)), 2933 cm- l (CH 2 ) and 2890
em -1 (CH stretches) (Figure 1a[3D (Focher et al.,
1992). Collagen has C-H (stretch) absorptions at
3088 (CH=CH), 2959, 2874 (CH 3 ), 2925, 2853 cm- l
(C H 2 ) these being very similar to those in the
foraminifera spectra (Figure 1b[2-3D. The CH=CH
vibrations arise from the vibration of double bonds
within aromatic ring units of the organic component.
Differences in the 3100-2800 cm- l spectral region may
reflect variation of C-H bonding arrangements
within the materials.
In the organic linings of calcareous foraminifera,
a band in the region 1740-1716 cm- l arises from the
stretching vibration of a carbonyl (C=O) group of a
carboxylic acid unit (Figure 1£[4D (Kokot et al.,
1994), probably present in protein side chains
consisting of amino acids such as glutamic acid.
The model glycoprotein collagen also exhibits a
clear absorption at this wavenumber (Figure 1b[4D.
However in the spectra of agglutinated foraminiferallinings, this band is not observed (Figure 1d,e[4D,
although it may be masked by the intense
absorption of the amide 1 band at -1660 em-I.
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In all spectra carbonyl (C=O, stretch) and N-H
(bending) vibrations are identified in the 1690-1630
cm'l region, relating to the amide 1 unit, the main
peptide link, of a protein (Kokot et ai., 1994) (Figure
1 & 2a-f[5]). Within the amide 1 band, small
absorptions can identify features of the secondary
structure of the protein i.e., a-helices, b-sheets and
turns (Figure 2c-f) (Table 1). The intensities of such
peaks may indicate the relative amounts of each
type of secondary structure (Smith et ai., 1994). For
example, A. rara has a significant absorption at
1635 cm'l (Figure 2c[5]) which may indicate that
greater prorortions of beta sheets exist. In. contrast
the 1652 cm' absorption is more pronounced In both of
the agglutinated marsh species (Figure 2d,e[5])
indicating greater amounts of alpha helices, suggesting that J. macrescens and T. inflata have similar proteinaceous secondary structures. With additional enhancement techniques, much clearer band
wave numbers and detail can be determined (vide
infra). Chitin has definite absorptions at 1660 and
1626 cm'l (Figure 2a), which are assigned to C=O
groups hydrogen bonded only to NH groups, and C=O
groups bonded with a bifurcated hydrogen both to
NH and OH -6 groups, respectively (Focher, 1992).
Collagen has a broad amide 1 peak similar to
foraminiferal spectra, within which additional
absorptions occur relating to the secondary structure
of the proteinaceous unit (Figure 2b).
The band at 1577-1505 cm'l and the 1541-1505cm,1
absorption in all spectra (Figs 1 & 2a-f[6]) arise
respectively from the O-C-O antisymmetric stretch
and the C-N stretch and the N-H in-plane bending
absorption in the amide 2 unit of the proteinaceous
material (Kokot et al., 1994). The amide 2 region
also contains information on the secondary structure
of proteinaceous materials as well as detail on individual amino acids. Vibrations occurring at 1518 and
1498 cm'l (Figure 2<:1[6]) can be detected in all of the
spectra obtained from foraminferal linings and are
suggested to arise from the amino acids tyrosine, and
phenylalanine respectively (Fabian et ai., 1996;
Hadden et al., 1995). These specific amino acids are
components of the polypeptide chains. With
enhancement techniques the vibrations arising from
these moieties again become more obvious (vide
infra>. Comparing the foraminiferal spectra to those
of the reference materials chitin and collagen, it can
be deduced that collagen has an amide 2 region
which correlates with the foraminiferal amide 2
regions, whereas the absorption in chitin (1563 cm'l)
is quite different (Figure 2a[6]). This highlights
similarities between collagen and foraminiferal
material regarding the amounts of protein secondary
components, and perhaps specific amino acids.
At 1470-1380 cm'l band vibrations arising from
further C-H deformation, i.e, CH 2 /CH 3 bending
modes, occur in all spectra. Between 1400-1380 cm'l
the O-C-O symmetric stretches are evident (Figure
3a-f[71). The amide 3, N-H in-plane bending and
C-H
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Figure 2. Absorption within the spectral regions 4:5 and 6
(a-f), in the 1800-1400 em' I wavenumber ran&e, a~lse from
bond vibrations in protein chains. The C=O vlbratlOn, 1750
cm'l , relates to a carboxylic acid bond vibration suggested
to be present on protein side chains (Kokot et al., 1994) (4).
Carbonyl stretchmg (C=O) and N-H bending vi~rations a~e
identified in the amide 1 region (5). O-C-O anttsymmetnc
stretches, C-N stretch, and N-H inplane bending vibrations
produce absorptions in the amide 2 region of the spectra (6).
Within both of these areas small absorptions occur relating
to the secondary structures of proteins.

stretches and contributions to O=C-N bending, usually very weak, occur at 1340-1280 cm'l (Kokot et ai.,
1994). Astrammina rara has two clear absorption
bands at 1450 and 1380 cm'l, whereas a broad absorption at 1380-1400 cm'l is seen in J. macrescens and T.
inflata (Figure 3d,e[7]), potentially masking the
two individual bands seen in A. rara (Figure 3c[7]).
This region could also indicate that there are
differences in the type/ abundance of the C-H bonds
within the structures. Astrammina rara has similar
absorptions to collagen, whereas the absorptions
from the other foraminiferal materials are very
weak. Chitin and collagen both have absorptions
relating to C-H deformation bending modes at -1420
cm'l, and those relating to amide 3 contributions
(Figure 3a & b[7]). The S=O vibration of the
sulphate group present in sulphated glycoprotein
(and similarly phosphate P=O vibrations) may be
detected at 1250-1230 cm'l (Sekkal et ai., 1993). As
foraminiferal linings are suggested to be sulphated
glycoproteins (Langer, 1992), detection in all spectra
of absorptions in this region should be possible.
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Figure 3. C-H bending deformations, O-C-O sym~etrical
stretches and amide 3 bonds produce weak absorptions In
all spectra (a-f) from 1300-1450 cm'l (7). Absorptions at
1250 cm'l in foraminifera spectra are assignable to 5=0
bond vibrations suggesting that the materials may be sulphated (c-f 8). Characteristic absorptions fro~ CoO ~o~d
stretching vibration of carbohydrate umts within
biomolecular structures occurs at 1200-1000 em'! (9).
The absorption at 1250 em'! of varying intensity in
the spectra of T. inflata and J. macrescens (Figure
3d,e[8]) may be attributed to the presence of
sulphate. Astrammina rara (Figure 3c[8]) has an
absorption at -1250 cm'l in some, but not all spectra,
which may suggest that the component may not
always be present, lacking in either sulphate or
possibly phosphate groups.
w~a.k absorption at
1250 cm' can be observed m chitIn and collagen
spectra (Figure 3a,b[8]). These structures are not
sulphated, and hence this absorption may arise from
other skeletal vibrations. Thus the 1250 cm'! band
absorptions in the spectra of the foraminifera A.
rara, J. macrescens, T. inflata and A. beccarii rna y
also arise from vibrations of other bonds within the
molecular structure. The presence of sulphate ions
was not detected after hydrolysis with boiling
hydrochloric acid and latter addition of aqueous
barium chloride (BaCI 2 ). However, if the organic
structures are not destroyed by mild acid hydrolysis,
then the sulphate ions may not have been detached
from the structures.
The region 1180-1000 cm'! is a very characteristic
area where CoO stretches arising from carbohydrate/polysaccharide units occur (Sekkal et aI.,

!"

1993). This region of absorption within the four
species analysed has the most variation (Figure 3af[9]). In A. rara, peaks of similar intensity occur at
1182, 1108, 1059, and 1001 cm! (Figure 3c[9]). The
marsh foraminifera, T. inflata and]. macrescens
spectra also have peaks at 1062 cm'! (similar to 1059
cm'!) and additionally two weak absorptions at 1164
and 1122 cm'! (Figure 3d,e[9]). This could indicate
variations in the nature of polysaccharide components. The absorptions in the spectra of calcareous
foraminiferal linings vary quite significantly. An
intense absorption at 1027 cm'! in the latter does not
correlate with any of the absorptions within spectra
from the other agglutinated foraminifera, although
it is potentially similar to the strong 1025 cm'l
absorption visible in the chitin spectra (Figure 3a,
f[9]). Weak absorptions at 1056 and 1152 cm'! in the
spectra of calcareous foraminifera are similar to
those in the spectra of the other agglutinated
foraminifera (A. rara 1059 cm'!, T. illflata and J.
macrescells 1062 cm'l) (Figure 3d,e,f[9]). Comparison
of the same regions in the spectra of the collagen and
chitin reference materials with those of the
foraminiferal linings show significant differences.
In collagen and chitin, absorptions at 1166 cm'! and
1157 cm'! may relate to similar absorptions within
the marsh linings (Figure 3a,b,d,e[9]) (agglutinated
and calcareous). Additionally the 1118 cm'! band in
chitin, and the 1117 cm'l absorption in collagen may
arise from similar vibrations to those of the weak
1122 cm'! absorption identified in marsh foraminiferal linings (Figure 3b,d,e[9]). There is significant
similarity between the 1060 cm'l absorption present
in the chitin spectra, attributed to the CoO stretch
of the N-acetylglucosaminoglycan residue (Pierce &
Rast, 1995) and the peaks of approximately the
same wavenumber in spectra from all foraminiferal
materials (Figure 3a,c-f[9]). This could suggest that
similar carbohydrate ring formations exist. The spe.
,J
cific assignment of the bands In the 1200-1000 cm
region is quite problematic as a number of strong
absorbances occur, arising from various groups.
A clear absorption at 826 cm'! and a shoulder at
1000 cm'l are present in the spectra of A. rara and J.
macrescens (Figure 3c,e[10]). This is suggested to be
similar to the vibration from the equatorial configuration of the -OS03H groups of the carbohydrate
component observed in a study of sulphated glycoproteins in human saliva (Embery et aI., 1989). The
strong absorptions between 1230-1250 cm'! arising
from to the S=O stretching (of the ester sulphate
groups) are additionally discussed in their analysis.
Hence the -1250 cm'! absorption in the foraminiferal spectra may be attributed to the presence of
sulphate within the organic materials, correlating
with the 826 cm'! band.
The broad absorption at 3100-3600 cm'! within all
four foraminifera lining spectra provides additional
evidence that both proteins and carbohydrate components exist within foraminiferal lining materials
(Figure 1a-£[1]). N-H bond stretches within a pro-
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:.:inaceous components (Kokot ct (Ii., 1994), vibra::ions arising from O-H bond stretches within carbo:-:\-drate units and also as water held within the
~~ructure will form absorptions in this region.
Deuteration of foraminifera components
\',nen organic material is treated with deuterium
(,,,ide, any easily exchangeable hydrogen atoms are
replaced by the deuterium of heavy water. The O-H
and the N-H bonds have molecular vibrations that
[.:sult in an intense absorption at -3500 cm· l . After
lieuteration of the reference materials, linings and
1
~hdls, an absorption can be seen at 2700-2400 cm· ,
l
and the 3300-3600 cm- absorption decreases in
intensity (Figure 4a-f[1,2]).
Exchange of hydrogen with deuterium in O-H
and ='J-H bonds would produce the observed features.
The amide 2 regions are altered on deuteration. The
::'and at -1550 cm- l decreases in intensity, which
relates to exchange of N-H to N-D, and shifts 100
cm- l towards the 1450 cm· l region, adding to the band
iue to C-H deformation bending modes. The absorp:ion remaining in the region of 1550 cm-l is then due
onl\- to the C-N stretch (Fabian ct ai., 1996). The
alt;ration of the amide 2 band is observed in all of
:he lining spectra (Figure 4a-e[3,4]). The amide 1
C=O band is not affected. The apparent change in
the amide 2 band is of great value in monitoring H-D
.:xchange, and relates to changes in protein confor:l1ation due to ligand binding, pH and temperature
Haris & Chapman, 1992). The 1000-1300 cm- l region
in the foraminifera spectra becomes slightly altered
upon deuteration although the main differences are
\,'ithin the intensities of the peaks and not the
actual wave number (Figure 4a-f[5]). In the deuterahon experiment on the calcareous foraminiferal lin;ng, the bands from 1200-1000 cm-l decrease in inten~it\', broaden and are less well resolved. The effect
ot"D 20 exchange on collagen was quite significant.
The weak absorptions at 1300-1340 cm- l increased in
intensity on deuteration to form a strong absorption
at -1340 cm- l probably masking the lower band at
1300 cm- l (Figure 4b). A slight decrease in absorption
due to the amide 2 band, after exchange of N-H for
~-D bonds, was apparent with the expected
increase in intensity in the 1450 cm· l absorption
I Figure 4b[3,4]). This may reflect modification of
O=C-N bending modes. In deuterated chitin, absorptions from the amide 1 and 2 bands are only slightly
lower in intensity, whereas the bands at 1430, 1330,
1250, 1200, 980, 950 and 900 cm- l decrease in absorption quite significantly (Figure 4a[3,4,5]).
This study supports Langer's view (1992) that
foraminiferal organic components are glyco-saminoglycans. The broad effects, changes in both the
amide and the carbohydrate regions, observed in the
collagen standard are also apparent in the
foraminifera spectra, although the variations in
original absorption wavenumbers indicate that the
structures are not identical i.e., there are slight
\'ariations from one species to another.

J4

1

4000

3000

j

2000

Wav~"UIfIh~T.I (t!Ift'~

Figure 4. Comparison of regions (1-5) in all spectra (a-f) in
the 4500-450 cm- l wave number range after D 20 treatment
with original spectra indicates that the absorption ~t 30003700 cm- l is lowered due to H exchange wlth D 1Jl O-H
bonds (a-f 1) with addition of absorptions at 2500 cm- l (a-f
2). A decreas~ of the amide 2 absorption due to replacement
of N-H by N-D (100 cm- l shift) causes an in~r~ase of the1450
cm- l C-H bending vibrating (a-f 3~4). Ac!.dltlonally absorption frequencies in the fingerpnnt regIOn of an spectra
appear to become weaker (a-£ 5).

Fourier self deconvolution (FSD)
The application of FSD to the spectra of
foraminiferal linings, and also those treated with
deuterium oxide, enables greater resolution of bands
relating to those of protein secondary structure, in
the amide 1 and 2 regions. In most cases, from FSD
traces, regions involving protein sub-structures, e.g.,
alpha (a) helices, beta (b) pleated sheets and turns
and specific amino acids were determined. All of the
foraminiferal linings within the IR study have the
same proteinaceous secondary structures (Table 1),
although initial spectra (not enhanced) indicate
that the secondary structures are present in varying
amounts (Figure 2c-f [4-5]).
The enhancement technique was also applied
specifically to tests of foraminifera which contained inorganic components (quartz). Vibrations of
the inorganic component may mask vibrations
assigned to the amide 1 and 2 regions, although
results from FSD indicated that the same bands
which were assigned to secondary structures in the
linings could also be assigned in the shell analysis
(Table 1, Figure 5a,b[2]).
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tial hypothesis about how the iron interacts with
the organic or inorganic components of the shell.
Foraminifera with final/new white chambers, and
older iron-rich chambers were dissected, and analysed over the 4000-450 cm-) wavenumber region. The
spectra from the iron-rich chambers were very similar to those from the white chambers, except for the
presence of a new band at 1038 cm') and the absence of
an absorption at 830 cm-) in the iron rich spectra
(Figure 6a) In foraminifera shell analysis, the
amide 1 and 2 regions (1660-1550 cm'\ appeared not
to be affected by the presence of iron (III) species
(Figure 6a,b), This region was affected in wool
keratin which was treated with high metal ion
concentra tions (Kokot et al., 1994), Noticeable
differences were not evident in the amide regions in
spectra of the iron rich chambers.
a) Iron rich chamber
b) Final chamber
c) Quartz
1700

1600
W~lIll1Nben

1500
(CIII-,)

Figure 5_ Comparison of spectra a and b in the 1500-1800
cm-) wavenumber range indicate that the technique Fourier
Self Deconvolution enhances absorptions in the amide 1 and
2 spectral regions clearly defining the absorptions
characteristic for protein secondary structure in lining and
shell spectra.
After the application of FSD, to both lining and
shell spectra, absorbances within these regions are
clearly distinguishable and relate to specific
wavenumbers associated with the presence of alpha
helices, beta sheets, turns and bends, and additionally individual amino acids. Specific information
about organic components, cement and linings, can
therefore be obtained from simple IR probing of
shell material. The detailed structure of the organic
components of foraminiferal shells with the FT-IR
FSD enhancement technique, reveals that the
organic material within the foraminifera shell
analysed is very similar in composition to the lining
material (Figure 5a,b[2]). FSD was also applied to
deuterated foraminiferal components. The results,
when compared with original spectra, displayed
the same wavenumbers in the amide 1 region and
amide 2 region of the infrared spectra.
Metal ion interactions with foraminifera shells
Foraminifera shells are often discussed as having
iron-rich components, presumably Fe3 +, as the shells
are often brown/orange in colouration. Iron was found
to be present in the brown/orange regions by SEM
techniques (Allen et al., unpublished work).
Occasionally the last chamber to be formed remains
white, potentially without oxidised iron in or on the
surfaces of the chamber. Whether unoxidised Fe2+ is
present is unknown, but a colour difference is
distinguishable. FT-IR can characterise differences
within the areas of shell wall leading to a poten-

iii

2000

1500

.1000

Wal'tlllllllbers (CIII")

Figure 6. Comparison of spectra obtained from an iron rich
chamber, a non iron coated specimen and quartz (a,b,c). The
lack of the 830 cm') absorption in the iron rich spectrum, in a
complex region of Si-O bond vibrations, suggests that iron
may be interacting with inorganic surfaces in quartz
enhancing Si-O vibrations in the spectra (iii). The amide 1
and 2 regions appear to be unaffected by the presence of iron
(i,ii).

As the vibrations from the foraminiferal analysis lie in the complex fingerprint region of the spectra the iron could be interacting with inorganic
material, or amino-acid residues (potentially cysteinal residues with high affinities to iron) of
organic components (Kokot et a/., 1994), In the iron
(Fe-III) rich shell spectra the lack of a 830 cm')
absorption is apparent within a region of molecular
absorptions arising from Si-O bond vibrations
(Figure 6a[iii]). It is suggested that Fe is binding
with inorganic minerals present within the shell
rather than the organiC materiaL Quartz surfaces
have high affinities for metal ions (Lo et al., 1997).
The interaction of metal ions with inorganic rather
than protein moieties may be suggested in view of
the lack of change in the intensities of the amide
regions (Kokot et al., 1994; Nahar et az', 1995) and
also the lack of detail within the carbohydrate
areas of the spectra due to the overtones of Si-O
bond vibrations. This would also assist in discussion
of how the iron phase interacts with the
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:.'c'::aminiferal wall components. The suggestion that

:r.e incorporation of iron is due to secondary mecha:-:b-ms of chelation onto quartz surfaces rather than

?roduction within the foraminiferal internal pro.::esses agrees with the view of Sidner et al., (1976).
iron within the surrounding environment would
?Otentially react with both organic and inorganic
s:rrfaces. Iron in the shells can be detected with the
Electron X-ray probe (ED AX) of the Scanning Elec:ron Microscope, and also sulphur and phosphorus
can be identified in very small quantities. FT-IR
analysis displayed characteristic absorptions
which may arise from the vibrations of S==O, and
OS03H groups within the organic structures. The
5Ulphate containing groups are likely to form nega::Yely charged surfaces within the biomolecule, and
b.ence there is no reason to exclude pOSSibility of
additional sulphate group - iron interaction.
Pyrolysis GCMS; Organic components
Products visible within the pyrogram vary accord:ng to their retention times within the chromatographic column. Simple moieties, of low molecular
mass, are liberated initially. All the spectra have
extremely large initial peaks that are due to the
volatilisation of excess DCM, and other easily
yolatilised substances. Thereafter, peaks assigned
to acetic acid, and other substances with m/z 44-60
are apparent. These initial peaks may derive from
pyrolysis of either carbohydrate or protein units and
generally are not very useful for specific
analysis/identification (Figure 7a, Table 2a).
Pyrolysis products forming after these initial
peaks are more important for revealing information
about the complex organic substances present.
Pyrolysis products include pyridine (m/z 52,79),
pyrrole (m/z 39,67), toluene (m/z 51,65,91), phenol
·m/z 39,66,94) and styrene (m/z 51,78,104). 2~fethylpyrimidine (m/ z 41,66,93), 4-methylphenol
(m/z 39,51,77,108) and 1H-(2 methyl) pyrrole (m/z
39,66,93) are also abundant. Indoles can be identified
(m/z 90,117), together with methylated 1H-indoles
(m/z 42,51,44,133). Designation of these pyrolysis
products is relatively straightforward (Figure 7a,
Table 2).

Protein indicators - Phenols and methylphenols are
pyrolysis products from the amino acid tyrosine
(Stankiewicz et al., 1996) although the observation
of abundant phenol and methyl phenols may not be
specific for tyrosine since these products may also
originate from a non-proteinaceous phenolic biopolymer (Briggs et al., 1995). The formation of
pyrrole indicates that hydroxyproline and proline
are present within the original biomolecule
(Stankiewicz et al., 1996; Briggs et al., 1995).
Toluene, styrene and cyanobenzenes are indicators of
p/zenylalanine (Stankiewicz et ai., 1996; Briggs et
ai., 1995). Ethylbenzene, phenylacetonitrile, and
phenyl-propanonitrile, additionally arise from
phenylalanine (Stankiewicz et al., 1996). Indole
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and methyl indole derive from tryptophan
(Stankiewicz et al., 1996). In pyrolysate analysis of
collagen, residues of phenylalanine and tryptophan
are found only in trace amounts or are often absent
(Briggs et al., 1995). Earlier studies of the composition of the organic material in foraminifera have
suggested that collagen-like structures are present,
and hence only trace amounts of the latter pyrolysis
products would be expected in GCMS-pyrolysis
experiments, as has now been found. Other pyrolysis
products identified in A. rara, J. macrescens, T.
inflata, and collagen and chitin reference materials
(Sigma') were diketodipyrroles (m/ z 43,65,93,130,
158,186), and diketopiperazines (DKP) (m/z
70,154,168,194) (Figure 7, Table 2). Diketodipyrroles
were identified in the collagen pyrolysate and
probably arise from pyridine, or other amino carbohydrate units
(Stankiewicz et al., 1996).
Diketopiperazine moieties derive from adjacent
amino acid pairs (Mauger, 1971), in a double dehydration reaction of amino acids yielding dipeptide
and the diketopiperazine system (Ratcliff et al.,
1973). DKP's form from the pep tides involving proline, alanine, arginine and glycine as predominant
amino acid moieties (Stankiewicz et al., 1996). One
of the designated pyrolysis products from A. rara
was identified as a proline-proline (m/z 154) 2,5diketopiperazine. Similar products are found
within the chitin py-GC/MS analysis (Stankiewicz
et al., 1996), indicating that proline is identifiable
within the foraminiferal macromolecules.
Caprolactam, identifiable in all traces, is often
found in the pyrolysates of nylon (Figure 7, Table
2[26]). Potentially this pyrolysate may be a
contamination from the sieving process after acid
treatment, or perhaps introduced in the initial
stages of processing when samples were in synthetic
vials. Storage of the organic components, after
sieving, in methylated spirits, and then treatment
with DCM all within glass tubes should have
removed the effects of contamination, and hence the
origin of caprolactam appears problematic.

Carbohydrate indicators - The elutants 2,3-dihydrobenzofuran and 2, 4 - dimethylfuran are found in
the pyrograms of all the foraminiferal organic
materials in varying intensities (Figure 7, Table
2a[11&25]). Previous py-GCMS studies of polysaccharides indicate that furans are the predominant
pyrolysis products (Bracewell et al., 1989). Hence
the origin of the furans is suggested to be related to
the presence of carbohydrate moieties within the
organic materials. This may verify that the linings
are glycoproteinaceous. In a Py-GC/MS investigation of conifer seed and cone (Stankiewicz et al.,
1997) polysaccharides were identified by the presence of 2-furaldehyde, 5-methyl-2-furaldehyde, 2furanmethanol, 2-cyclopenten-2-one and its methyl
homologue. Additionally 5-methyl-2-furanone and
1,6-anhydro-f5-D-glucopyranose (levoglucosan-40)
were identified, together with anhydrosugars, e.g.
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Figure 7. Comparison of components of py-GC/MS pyrograms (a and b) after analysis of linings and shells of J. macrescens
suggest that protein is the main component of the organic material in both cases, with additional minor amounts of interstitial
caroohydrate and also lipid components (letters relate to Table 2).

l,6-anhydro-B-D-glucofuranose, eluting between C 2 phenols and guaiacylpropan-2-one (Stankiewicz et
al., 1997). The use of py-GC/MS to investigate the
interaction of glucose with amino groups of proteins
indicated that furan and pyrrole moieties often
arise following glycolation (Lapolla et al., 1992).
Many of these complex products are not present
within the pyrolysis products from the foraminiferal analysis, which might indicate that the
levels of carbohydrate moieties within the general
structure are low. The main pyrolysis components
indica te that the grea ter part of the rna terial
appears to be proteinaceous in nature.

Additional components - Long chain hydrocarbons
and their derivatives were detected in all
pyrograms from foraminiferal linings (Figure 7,
Table 2a[30-32]). These fragments usually arise from
substances known to have a lipid content. In the
analysis of whole organisms, the presence of alkenes
and alkanes reflects the presence of fats and waxes
(Simmonds, 1970). Alkanes and alkenes are commonly found in pyrolysates of virtually all types of
kerogens and are characteristic products of resistant
aliphatic biopolymers that occur within algal cell
walls and higher plants (Tegelaar et al., 1989). The
alkanes and alkenes may therefore arise from the
presence of lipids within the cell wall of the
foraminifera. Chemical analysis of organic material within the shells of A. rara, identified lipid

material, suggested to contribute to -19% of the
overall composition (Delaca, 1986), although this
was suggested later to arise from pseudopodial contamination in their analysis (Bowser & Bernhard,
1993). More recent analysis of the organic content of
A. rara suggested that protein was an integral component of the bioadhesive, but excluded mention of
carbohydrate or lipid moieties (Bowser &
Bernhard, 1993). In the case of the organic components, the presence of lipids has been questioned,
although in pyrolysis of organic material, fatty
acids are eluted within all of the pyrograms.
Measures were taken to remove the effects of contamination and hence such pyrolysiS products do
appear to arise from the foraminiferal organic
material, although this has to be subject to some
uncertainty. In pyrolysis experiments on glycated
albumin, esters and fatty acids were eluted
although found to be contaminants as they are not
pyrolysis products of proteins (Lapolla et al., 1992).
The results of pyrolysis GC/MS analysis on
foraminiferal linings indicate that proteinaceous
pyrolysates are far more abundant than those from
carbohydrate units. It is possible that preparation
techniques may have removed some of the more easily hydrolysed carbohydrates, leading to the conclusion that the predominant component remaining
is protein with minor amounts of carbohydrate, but
potentially still a glycoprotein. The analysis of
shells from the agglutinated marsh foraminifera
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:rab1e 2. List of mal'or products in the pyrolyzates from foraminiferal linings and shells of J. 111acrescens. Numbers al-32, and
:'1-21 refer to pyrOlysis products within pyrograms a and b in Figure 8. Mass numbers (m/z) are based on interpretation of
::taSS .spectra and MIST mass library, and after Stankiewicz et al. (1996). Suggested origins for pyrolysis products are based
0;: intormation from literature reviews (see Stankiewicz et al., 1996).
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Agglutinated shell analysis
Although pyrograms were weaker within the shell
analysis the spectra indicate that the main
components are those coming again from proteinaceous materials, with the pyrolysis products being
identified as phenol, 4-methylphenol, toluene,
pyrrole, styrene, cyanobenzene, and indole (Figure 7,
Table 2b). Evidence of furans, indicating the
presence of carbohydrate components, appears to be
weak, indicating that the preparation procedures
did not remove carbohydrate moieties from the
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should be able to help with this issue since if the
preparation techniques remove more readily soluble
components, then these should be present in the initial pyrograms from the shells. The origin of the
long chain hydrocarbons is suggested to arise from a
lipid component within the foraminiferal organic
material.
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original macromolecular structure (Figure 7, Table
2b[8]). Evidence for long chain hydrocarbons can also
be found within the pyrogram, indicating the
presence of lipid components (Figure 7, Table 2b[21]).
The presence of inorganic material is thought to
interfere with the pyrolysis process, resulting in
weak pyrograms. The removal of calcareous
components from cuticles in certain organisms was
found to enhance the resulting pyrograms quite
significantly in chitin analysis (Stankiewicz et al.,
1996). Hence the pyrolysis of only the organic
material is thought to be a more reliable technique.
CONCLUSIONS
Results from FT-IR and Py-GC/MS analysis of the
organic materials in agglutinated foraminifera tests
have highlighted the presence of protein and
carbohydrate components, thus supporting earlier
suggestions that the cement and lining material is
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glycoproteinaceous. The most intense regions of
absorption in FT-IR spectra and additionally the
predominant pyrolysis products within py-GCMS
analysis indicated that the main part of the organic
material exists as a proteinaceous component, containing only minor amounts of carbohydrate. The
secondary structure of the protein component has
been described for the first time indicating that
variations exist within the organic components from
Antarctic and marsh agglutinated foraminifera.
Comparison of glycoprotein reference standards
with foraminiferal materials suggests that the
organic materials within the tests are similar to
collagen rather than chitin.
The basic biosynthetic pathways are similar in
all eukaryotic cells including the foraminifera.
Ribosomes secrete the initial proteinaceous materials into the endoplasmic reticulum and then are further modified by the Golgi apparatus (Whaley,
1975, Langer, 1992).
Additional chemical analysis for exact determination of carbohydrate units needs to be performed.
However, a major difficulty is that the lining material is extremely resistant to acid hydrolysis and
hence individual structural units that are required
to be detected are not readily available. Thus techniques applied to the study of organic material
within agglutinated foraminifera where whole
structures can be investigated are the only practical
possibilities, although not quite as revealing.
Further work may indicate exactly how carbohydrate units interact with the proteinaceous parts of
the biomolecular structures.
The presence of sulphated components may be
deduced from FT-IR analysis, in agreement with
earlier suggestions that sulphated glycoproteins
exist within the agglutinated foraminifera organic
test materials (Langer, 1992). The sulphur may be
present as a sulphated carbohydrate unit or additionally as cysteinal amino acid side chains. The
presence of sulphated moieties would increase possible metal interaction with proteinaceous materials, although surfaces of inorganic materials are
extremely susceptible to metal chelation.
The observation of lipid pyrolysis products
causes complication as measures were taken to
remove possible contamination and hence these
components appear to arise from the organic material within agglutinated foraminifera, although
this is still subject to some uncertainty.
FT-IR and py-GCMS analytical techniques may
further prove to be useful techniques for comparison
of organic materials within tests of agglutinated
foraminifera from varying environments to identify
structural and potentially compositional variations.
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