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Introduction
Algae are vital to the health and well
being of our planet. They fix carbon 
through photosynthesis and form the 
basis of the food chain in lakes and 
oceans and range from giant seaweeds 
to tiny free-floating single cells. These 
free floating algae are known as phyto-
plankton from the Greek words phyton 
(plant) and planktos (wander or drift) 
and consists of individual cells, multicel-
lular filaments and colonies.

At the University of Manchester we 
have been using Fourier transform infra-

red (FT-IR) spectroscopy to increase our 
understanding of the physiology and 
biotech potential of the phytoplankton. 
Our studies include laboratory studies, 
looking at algal monocultures, to field-
based studies looking at algae within 
their natural environment, and we are 
particularly interested in using FT-IR 
spectroscopy to study the factors influ-
encing how phytoplankton allocate 
carbon into lipids, carbohydrates and 
proteins. The way in which a cell allo-
cates carbon to each of these groups is 
dependent on a number of factors such 

as growth rate, light intensity and nutri-
ent availability. For instance, proteins are 
linked to basic functions of biosynthesis 
and cell division, while lipids and carbo-
hydrates serve as intracellular reserves 
of carbon and energy. However, under 
conditions of low nutrients cells allo-
cate more carbon to storage prod-
ucts such as lipids and carbohydrates, 
which the cell then utilises for renewed 
cell division when favourable condi-
tions return. This article presents two 
aspects of our work in which we apply 
FT-IR spectroscopy to the study of the 
phytoplankton: (1) the use of FT-IR spec-
troscopy as a high-throughput tech-
nique for the rapid assessment of algal 
cultures for lipid content, and (2) the 
assessment of seasonal carbon alloca-
tion changes in selected phytoplankton 
species (Pedisatrum duplex, Ceratium 
hirundinella and Anabaena flos-aquae) 
within a eutrophic lake.

Laboratory studies in 
algal biofuels
An aspect of our work at the University of 
Manchester is the development of algal 
biofuels. During this research we regularly 
use FT-IR spectroscopy to study carbon 
allocation in monocultures of a range 
of algal species, and of single species 
across a range of growth conditions.1 The 
potential of algae as a source of renew-
able energy has received considerable 
attention. However, the viability of algae-

…FT-IR spectroscopy has now become a key 
experimental tool for algal research…
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derived biofuels depends on a number 
of factors, including the identification 
of species with high lipid composition, 
and understanding the environmental 
conditions that maximise lipid produc-
tion. We utilise a number of techniques 
for the understanding of lipid synthesis 
in algal cells, including gene expression, 
genetic manipulation and gas chroma-
tography/liquid chromatography-mass 
spectrometry (GC/LC-MS). Throughout 
this work we supplement application of 
these techniques with the use of FT-IR 
spectroscopy as a high-throughput, rapid 
screening tool to assess the lipid content 
of algal cells. For this aspect of our work 
we largely concentrate on the small 
green algae Chlamydomonas reinhardtii 
which is a well characterised and studied 
model species that is ideal for gaining an 
understanding of cell function and physi-
ology. Following each experiment small 
volumes (<0.5 mL) of up to 96 samples 
of algal cells are harvested, centrifuged, 
re-suspended in a small volume of 
H2O and ~20 µL deposited onto a sili-
con plate. The spectra are then analysed 
using FT-IR spectroscopy and the result-
ing spectra processed for the assess-
ment of cellular lipids. The samples may 

consist of a number of different cell 
lines, in which we wish to compare lipid 
composition, or may consist of a single 
cell line that has been subject to range 
of environmental conditions known to 
induce lipid synthesis. One such condi-
tion is nutrient deficiency, in which cells 
deficient in nitrogen or phosphorus 
cease cell division and instead store their 
carbon as reserves of lipid and carbohy-
drates (starch). Figure 1 compares cells 
grown in nitrogen (N) replete and nitro-
gen deficient media, clearly showing how 
the low-N conditions cause an increase 
in lipid synthesis that can be visualised 
using a lipid-specific fluorescent dye (Nile 
Red) that allows intracellular lipid bodies 
to be clearly seen. This increase in cellu-
lar lipids and carbohydrates is evident in 
the accompanying FT-IR spectra, in which 
the bands at 1740 cm–1, associated with 
the n(C=O) of ester groups, and the 
bands at 3000–2800 cm–1, from n(C–H) 
of saturated CH, both due primarily from 
lipids, are elevated under nutrient limiting 
conditions. In addition the carbohydrate 
bands at 1200–900 cm–1 [n(C–O–C) of 
polysaccchrides] are also highly elevated 
when compared to cells grown in nutri-
ent replete media. Bands attributed 

to n(C=O) stretching of amides from 
proteins (amide I, ~1655 cm–1) and the 
d(N–H) bending mode of amides from 
proteins (amide II, ~1545 cm–1) can also 
be clearly seen.

FT-IR spectroscopy thus allows inter-
esting cell lines with high lipids content, 
or conditions that induce lipid synthe-
sis, to be rapidly identified for further 
studies using other techniques, such 
as LC-MS and gene expression studies. 
FT-IR spectroscopy is an excellent tool 
for these analyses as it is rapid, simple 
to perform, can be carried out on very 
small quantities of algae and the spec-
tra provide other valuable information 
additional to that of lipids. It therefore 
has a number of advantages over tradi-
tional lipid gravimetric techniques which 
can be time consuming, require complex 
laboratory equipment, large volumes 
of algae and only provide informa-
tion on lipids. With the increased inter-
est in algal bioproducts the use of FT-IR 
spectroscopy for routine assessment of 
the chemical composition of algal cells is 
likely to grow in importance.

Environmental studies
Most FT-IR spectroscopic studies on 
phytoplankton have been carried out 
on laboratory-cultured material, with 
few analyses of environmental organ-
isms. However, the high spatial reso-
lution of the FT-IR microspectroscopy 
technique means that particular species 
can be selectively analysed within 
mixed environmental populations allow-
ing us to investigate the very small algal 
cells and colonies, many of which are 
less than 20 µm in diameter. This abil-
ity to identify and study single cells/
colonies facilitates the study of intra-
specific hererogeneity of carbon alloca-
tion within single samples, for example, 
a previous study comparing Anabaena 
and Aphanizomenon from different 
depths within the lake water column 
showed that cells from deep in the 
water column exhibited reduced carbo-
hydrates.2 It also facilitates the study of 
inter-species differences showing, for 
example, that that two co-dominant 
algal species (Microcystis and Ceratium) 
within a eutrophic lake had very differ-
ent patterns of carbon (C) allocation.3 

Figure 1. Representative spectra of Chlamydomonas reinhardtii grown in N-limited media to 
induce lipid synthesis. Bright field and epifluorescence neutral lipid localisation as detected by 
Nile Red staining (false colour green) are shown on the right. Scale bar = 10 μm.
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It also facilitates the analysis of tempo-
ral changes in C allocation, within 
single species, over an extended time 
period4 as is described here. This gives 
FT-IR spectroscopy a great advantage 
over conventional bulk analysis tech-
niques for which the large volumes of 
algae required necessitate the bulking 
together of mixed-species populations—
this means that individual cells/colonies 
cannot be analysed, and any inter- and 
intra-specific differences are averaged 
over the whole algal sample.

In order to analyse temporal changes 
in selected phytoplankton species we 
collected samples of phytoplankton 
over a two-year period from Rostherne 
Mere, a lake situated on the Cheshire 
plain in the UK. Cells were dried onto 
a reflectance slide, picked out using a 
light microscope and analysed using 
FT-IR spectroscopy. Cells of Ceratium, 
colonies of Pediastrum and filaments 
of Anabaena (Figure 2) were observed 
in both years with the resulting FT-IR 

spectra clearing showing peaks at wave-
numbers corresponding to proteins, 
carbohydrates and lipids (Figure 3), with 
the absorbance of each proportional to 
its cellular concentration.

Pediastrum occurs as plate-like colo-
nies, made up of a number of individ-
ual cells. Although it was only present 
in low numbers within the lake it had 
a very interesting pattern of C alloca-

Figure 2. Light microscope images of air-
dried lake phytoplankton samples. Regions 
of FT-IR spectroscopic analysis (probe 
areas) are indicated by open squares. (a) 
Mixed algal sample from August 2006 
containing Aulacoseira (Au), Ceratium 
(C) and Pediastrum (P); (b) Anabaena 
(A) from August 2007. Figure taken from 
Dean et al.4 with permission from Springer 
Science+Business Media BV.

Figure 3. FT-IR spectra from (a) colonies of Pediastrum sampled during 2006, (b) colonies 
of Anabaena sampled during 2007. In each case, contrasting spectra are shown from different 
sampling dates. Each spectrum is the average of 10, each taken from a separate colony/filament. 
Figure modified from Dean et al.4 with permission from Springer Science+Business Media BV.
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tion. When Pediastrum first appeared 
in the water column it had very high 
lipid and carbohydrate reserves, but on 
other sampling dates these reserves 
were exhausted. Anabaena occurs as 
long filaments of individual, spheri-
cal cells. Dominant populations of 
Anabaena were observed in 2007 and 
were analysed during the population 
rise (to a maximum of ~800 filaments 
per mL) and subsequent fall. Spectra 
were characterised by the absence of 
a lipid band, and a prominent carbo-
hydrate band during the early stages 
of the population increase. However, 
these high carbohydrate levels were 
progressively depleted as the popu-
lation declined. Ceratium has a very 
characteristic appearance, looking a 
bit like a three-legged Eiffel tower, and 
was a dominant member of the phyto-
plankton during 2006. In contrast to 
the other species, Ceratium did not 
show any seasonal change, although 
the FT-IR spectroscopic analysis did 
identify very high levels of heterogene-
ity amongst the population.

It is species-specific differences, such 
as these that are masked when tradi-
tional bulk analyses methods are used, 
that emphasises the utility of FT-IR 
spectroscopy for these environmen-
tal studies. Such an insight into how 
carbon allocation varies with popula-
tion development and environmental 
conditions has great potential for under-
standing the factors regulating the rise 
and fall of algal populations in aquatic 
environments, including nuisance algal 
blooms which are a growing problem 
worldwide. Through these studies, FT-IR 
spectroscopy has demonstrated the 
occurrence of large temporal and spatial 
differences in molecular composition 
both between and within species. These 
differences are probably related both to 
intrinsic differences in the molecular 
composition of individual species, as 
well as differences in algal response to 
changing environmental conditions. The 
ability of FT-IR spectroscopy to analyse 
single cells, colonies and species within 
mixed samples has considerable poten-
tial for helping us to understand these 
factors and has great potential for future 
ecological studies.

Summary
The uses of FT-IR spectroscopy described 
here show its utility in algal research, 
however, these are by no means the 
only applications.5 For example, other 
groups have used FT-IR spectroscopy 
for real time analysis of changing carbon 
patterns in live cells, 2D mapping of 
cells to assess intercellular spatial varia-
tion in C storage and the use of FT-IR 
spectroscopy for discrimination of differ-
ent species. The overall conclusion from 
these studies is that FT-IR spectroscopy 
has now become a key experimental tool 
for algal research, both in the laboratory 
and in environmental studies and will 
continue to be so in the future.
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