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Chapter 17
Polyunsaturated Fatty Acids 
in Decomposing Leaf Litter
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1  �Introduction

Polyunsaturated fatty acids (PUFAs) are a subclass of fatty acids characterized by 
more than one double bond arranged in cis-configuration and separated by a single 
–CH2– group. PUFAs are divided into two major classes distinguished by the posi-
tion of the first double bond when counted from the terminal methyl group. In n-3 
PUFAs, this double bond is at the third position from the terminal carbon atom, and 
in n-6 PUFAs it is at the sixth position. As this difference reflects distinct biosyn-
thetic pathways, PUFAs can be converted within but not between these two classes. 
One function of PUFAs is that they serve as precursors for hormones. For example, 
long-chain PUFAs such as arachidonic acid (ARA; C20:4n-6) and eicosapentaenoic 
acid (EPA; C20:5n-3) serve as precursors of prostaglandins, which have several 
hormonal functions in arthropod reproduction (Stanley 2000; Schlotz et al. 2012). 
Furthermore, PUFAs are an integral constituent of cell membranes, where they 
mainly occur in phospholipids.

Arthropods are unable to synthesize long-chain PUFAs de novo and hence 
require a dietary source to satisfy their physiological needs (Harrison 1990). This 
makes PUFAs an essential class of lipids and suggests constraints on consumers 
when diets have low PUFA contents. Evidence for such a limitation in freshwater 
arthropods includes strong correlations between PUFA contents of natural phyto-
plankton and the growth rate of Daphnia (Müller-Navarra 1995; Müller-Navarra 
et  al. 2000; Wacker and von Elert 2001; Hartwich et  al. 2012), with EPA and 
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α-linolenic acid (α-LA, C18:3n-3) producing the strongest relationship. 
Supplementation experiments have confirmed that low concentrations of EPA or 
α-LA in food algae can indeed limit not only the somatic growth of Daphnia (von 
Elert 2002; Becker and Boersma 2005) but also parthenogenetic egg production 
(Wacker and Martin-Creuzburg 2007; Martin-Creuzburg and von Elert 2009), and 
similar effects have also been demonstrated for the zebra mussel, Dreissena poly-
morpha (Wacker and von Elert 2003a, b).

PUFA deficiency in one food item can be mitigated by another that is rich in 
PUFAs (Marzetz et al. 2017). Similarly, temporal fluctuations in dietary PUFA con-
tent can be buffered (Koussoroplis et al. 2017), because consumers can store PUFAs 
and thus profit from ingesting a PUFA-rich diet slightly earlier or later than a PUFA-
deficient diet (Koussoroplis et  al. 2017). Such mitigating effects can mask the 
potentially limiting nature of low dietary PUFA contents. At low temperatures, 
PUFA limitation becomes more severe (Sperfeld and Wacker 2012). This effect has 
been attributed to reduced membrane fluidity (Hazel 1995), which poikilotherms try 
to counter by increasing the content of unsaturated fatty acids in their membranes 
(Farkas 1979; Hazel 1995; Hazel and Williams 1990). Thus, PUFA-deficient diets 
can constrain consumer fitness and limit the use of cold habitats (Brzezinski and 
von Elert 2015).

Given the importance of PUFAs as a determinant of food quality and huge 
amounts accumulating in some benthic invertebrates (Hydropsyche spp., 
Ephemerella spp., isopods, oligochaetes; Torres-Ruiz et  al. 2007; gammaridae; 
Makhutova et al. 2016), these lipids could also play an important role for stream 
detritivores. Indeed, one hypothesis to explain the observation that microbial colo-
nization and partial decomposition of litter improve the palatability to, and promote 
the growth of, litter consumers in streams (Graça 2001) is that microbial lipids 
enhance litter quality as food (Cargill et al. 1985). This hypothesis is supported by 
the high relative content of the PUFAs C18:2n-6 and C18:3n-3 in aquatic hyphomy-
cetes (Arce Funck et  al. 2015). Poor growth of Gammarus fossarum feeding on 
undecomposed leaf litter from alder (Alnus glutinosa) was indeed significantly 
increased by supplementing the food with a diatom (Nitzschia palea) rich in PUFAs, 
although supplementation with aquatic hyphomycetes affected neither consumption 
(Aßmann et al. 2011) nor growth (Crenier et al. 2017). The aquatic hyphomycetes 
were rich in C18:2n-6, whereas the diatom was rich in C20:5n-3, suggesting a limi-
tation of Gammarus growth on leaf litter by C20:5n-3 or possibly other n-3 PUFAs. 
Notably, however, PUFA contents in submerged leaves colonized by microbes were 
found to be very low (Torres-Ruiz and Wehr 2010), and G. roeselii tested in food-
choice experiments showed no clear preference for leaf litter of alder (Alnus gluti-
nosa) coated with lipid extracts of fungi and an oomycete (Aßmann and von Elert 
2009; see also Rong et al. 1995). In view of these mixed results and the fact that the 
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role of PUFAs is still poorly investigated in detritus-based food webs, general con-
clusions about the importance of PUFAs in these systems are currently premature.

Some data are available on the composition of fatty acids in leaf litter (e.g., Guo 
et al. 2018). Information on the fatty acid content is scarce, however; the total fatty 
acid content in freshly fallen leaves ranges from 5 to 30 mg g−1 dry mass in the few 
available studies to date (Table 17.1). In maple leaves (A. platanoides) and leaf litter 
of common hornbeam (C. betulus), the most abundant PUFAs were α-LA (C18:3n-3) 
and C18:2n-6, whereas C20 PUFAs were undetectable (unpublished data). This 
result is in accordance with Torres-Ruiz and Wehr (2010) and suggests that C20 
PUFAs are scarce in microbially conditioned leaf litter. Choice experiments have 
indicated that α-LA (C18:3n-3) can serve as an indicator of food palatability (Vonk 
et al. 2016). Although this finding points to a role of PUFAs in determining detriti-
vore food preference, supplementation experiments with specific PUFAs are needed 
to assess the potential importance for growth and reproduction of litter consumers. 
The high PUFA contents of some benthic invertebrates mentioned above (Torres-
Ruiz et al. 2007) might even point to PUFA sources other than leaf litter to mitigate 
PUFA deficiency for litter-consuming detritivores (Guo et al. 2018).

The method presented here details procedures to quantify individual PUFAs in 
leaf litter, invertebrates, and other types of samples, complementing a method to 
determine the total lipid content in leaf litter as described in Chap. 16.

Table 17.1  Fatty acid content of abscissed maple leaves incubated in tap water for 1 week (Acer 
platanoides), freshly fallen leaf litter of common hornbeam (Carpinus betulus) (1) and a leaf-litter 
mixture of Acer rubrum, Quercus rubra, and Platanus occidentalis

Fatty acid content (μg g−1 dry mass)
Fatty acid A. platanoides (1) C. betulus (1) Leaf-litter mixture (2)

C 14:0 439 (26) 50 (5)
C 14:1 n-9 279 (13) 208 (32)
C 16:0 4466 (128) 1467 (55)
C 16:1 n-9 388 (23) 20 (1)
C 18:0 747 (1) 502 (36)
C 18:1 n-9 c 126 (8) 0 (0)
C 18:2 n-6 c 2160 (70) 525 (50) 670 (50)
C 18:3 n-6 17 (1) 29 (1)
C 18:3 n-3 20,777 (762) 2112 (144) 2050 (220)
C 22:0 62 (1) 105 (2)
C 24:0 442 (1) 238 (12)
Total 29,902 (750) 5258 (340)

Values are means (SE) of three replicates
1 = von Elert (unpublished data), 2 = Torres-Ruiz and Wehr (2010)
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2  �Equipment, Chemicals, and Solutions

2.1  �Equipment and Materials

•	 Freezer (−20 or −80 °C)
•	 Refrigerator (4 °C)
•	 Stream of nitrogen gas under a fume hood
•	 Heating block or water bath (40 and 70 °C)
•	 Vortex
•	 Ultrasonic bath
•	 Centrifuge suited for glass reagent tubes (e.g., 16 mm × 100 mm; 3000 g)
•	 Glass reagent tubes (e.g., 16 mm × 100 mm) with screw caps
•	 Sample vials with micro-inserts (200 μl) and septum-lined caps
•	 Pasteur pipettes
•	 Gas chromatograph (GC) with a splitless injector and a flame ionization detector 

(FID), equipped with a capillary GC column suited for the analysis of fatty acid 
methyl esters (FAMEs), e.g., an Agilent J&W DB-225 column (length 30 m, ID 
0.25 mm, film thickness 0.25 μm; von Elert 2002).

2.2  �Chemicals

•	 Liquid nitrogen
•	 Dichloromethane, HPLC grade
•	 Methanol, HPLC gradient grade
•	 Isohexane, gas chromatography FID grade
•	 HCl in methanol (3 M), CAS number 7647-01-0
•	 Reference compounds

–– Heptadecanoid acid methyl ester (C17:0 ME), CAS number 1731-92-6
–– Nonadecanoid acid methyl ester (C19:0 ME), CAS number 1731-94-8
–– Tricosanoic acid methyl ester (C23:0 ME), CAS number 2433-97-8
–– Commercially available mixture of fatty acid methyl esters (FAME), such as 

the Sigma™ 37 Component FAME Mix, menhaden oil, or the bacterial acid 
methyl ester (BAME) mix

2.3  �Solutions

•	 Extraction solvent: dichloromethane/methanol (2:1, v:v)
•	 C17:0 ME, C19:0 ME and/or C23:0 ME (each 200 μg ml−1 isohexane)
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3  �Experimental Procedures

3.1  �Sample Preparation

	1.	 Collect leaf litter or animal sample in the field or from a laboratory experiment 
and protect from light and elevated temperatures throughout the analysis to avoid 
oxidation and auto-degradation of polyunsaturated lipids.

	2.	 Blot-dry samples when water adheres to the surface (e.g., on Kim-Wipes™) and 
extract lipids  from these  fresh samples (the solvent efficiently extracts lipids 
from living tissue, so that freeze-drying of samples is not critical).

	3.	 If results are to be related to litter dry mass, best split samples and use one por-
tion for dry mass determination, the other for fatty acid analysis.

	4.	 If a sample is used for both dry mass and fatty acid analyses, freeze the sample 
in liquid N2, and store at −20 or −80 °C if immediate processing is not possible.

	5.	 Freeze-dry and homogenize samples using pestle and mortar. Minimize storage 
at this stage (even at − 20 or −80  °C) to avoid a possible slow oxidation of 
unsaturated fatty acids; however, freeze-dried and homogenized samples 
immersed immediately in solvent for lipid extraction can be stored at −20 °C for 
several weeks.

	6.	 Determine the dry mass of samples prior to adding solvent for lipid extraction.

3.2  �Lipid Extraction

	 1.	 Transfer leaf litter or animal sample in screw-cap reagent tube and add 5 ml of 
extraction solvent with a Pasteur pipette.

	 2.	 Add internal standards (IS), with the type and amounts depending on the sam-
ple (e.g., 100 μl C17:0 ME, C19:0 ME, and/or C23:0 ME per 2–4 mg of litter 
dry mass or per 200–600 μg of animal dry mass).

	 3.	 Incubate overnight at 4–8 °C.
	 4.	 Perform all subsequent steps at low light and especially avoid exposure to direct 

sunlight.
	 5.	 Vortex the sample tubes and place them in an ultrasonic bath for 1 min.
	 6.	 Centrifuge for 5 min at 3000 g (without brake!)
	 7.	 Use a Pasteur pipette to transfer the extract into a clean screw-cap reagent tube, 

add another 3 ml of extraction solvent to the original tube, close the tube, and 
repeat the sample extraction by ultrasonication for 1  min and subsequent 
centrifugation.

	 8.	 Use a Pasteur pipette to combine the second extract with the first.
	 9.	 Spin down any debris in the combined extract by centrifuging the reagent tubes 

at 3000 g for 5 min (without brake!).
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	10.	 Carefully (sensitive pellet!) transfer the supernatant with a Pasteur pipette to a 
clean screw-cap reagent tube.

	11.	 Resuspend the pellet with another 3 ml of extraction solvent, vortex, and then 
centrifuge for 5 min at 3000 g (without brake!) and combine the supernatants.

	12.	 Place the reagent tube containing the combined supernatants into a heating block 
or water bath (max. temperature 40 °C) and evaporate the solvent under a stream 
of nitrogen gas, immediately removing the tube from the heating block when dry.

3.3  �Transesterification

	 1.	 Proceed immediately with transesterification by adding 5 ml of 3 M methanolic 
HCl to the reagent tube, closing the screw cap, and incubating the sample for 
20 min at 70 °C in a heating block or water bath.

	 2.	 Let the sample cool down to room temperature or lower (e.g., by placing the 
tube at 4–8 °C in a refrigerator).

	 3.	 Add 2 ml of isohexane with a Pasteur pipette, and vortex three times for several 
seconds, allowing the phases to separate each time between mixings.

	 4.	 Transfer the upper hexane phase with a Pasteur pipette into a new screw-cap 
reagent tube.

	 5.	 Repeat this isohexane extraction two more times, ensuring that no solvent from 
the lower phase is transferred by leaving a few microliters of the upper layer in 
the sample.

	 6.	 Evaporate the combined isohexane extracts under a stream of nitrogen gas at 
max. 40 °C in a heating block or water bath.

	 7.	 Dissolve the dry deposit in the reagent tube in 100 μl isohexane and transfer the 
solution to a microliter-insert in a sample vial.

	 8.	 Repeat this step to obtain a total volume of 200 μl in the sample vial.
	 9.	 Gently evaporate the solvent again under a stream of nitrogen and dissolve the 

dry deposit in the microliter-insert of a sample in a final volume of 100 μl 
isohexane.

	10.	 Close the vial with a septum cap and store at −20 °C until measurement by gas 
chromatography.

3.4  �Gas Chromatography

	1.	 Set the flow of the carrier gas (e.g., 35 cm s−1, helium).
	2.	 Set FID detector and injector to 220 °C.
	3.	 Set the temperature program for the GC oven, e.g., 60 °C (hold for 1 min) and 

then to 180 °C at 120 °C min−1, next to 200 °C at 50 °C min−1 (hold for 10.5 min), 
and then to 220 °C at 120 °C min−1 (hold for 7.5 min), according to von Elert 
(2002), resulting in a total run time per sample of 20.6 min.
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	4.	 Inject a 1 μl aliquot of each sample in splitless mode.
	5.	 Inject reference compounds to identify peaks in a given sample as FAMEs with 

retention times identical to those of the reference compounds.
	6.	 For quantification by means of internal standards (IS), establish dose-response 

curves for each of the FAMEs of interest, based on different ratios of IS with the 
FAME of interest; this is most conveniently achieved by preparing a mixture of 
all FAMEs of interest with known concentrations and mixing increasing aliquots 
with known amounts of IS.

	7.	 Subsequently, derive calibration curves for each FAME of interest from splitless 
injections of 1 μl aliquots of these solutions.

4  �Final Remarks

Several types of reference compounds can be used to identify FAMEs by comparing 
retention times. For routine analyses of fatty acids with an even number of carbon 
atoms, these include a commercially available mixture containing 37 components 
(Sigma™ 37 Component FAME mix), menhaden oil, and specifically prepared 
PUFA mixes. Bacterial acid methyl ester (BAME) mixtures serve well for fatty 
acids with an odd number of carbon atoms (e.g., bacterial fatty acids). Petroselinic 
acid (C18:1n-12) and oleic acid (C18:1n-9) cannot be distinguished.

The presented GC method quantifies absolute amounts of fatty acids, which can 
be related to sample dry mass or organic carbon. The detection limit is 10 ng of 
FAME mg−1 dry mass. Quantification requires the systematic addition of an internal 
standard (IS) to the samples. If the fatty acid profiles of samples are unknown, it is 
good practice first to perform a qualitative analysis without IS to check which 
FAMEs (C17:0 ME, C19:0 ME, C23:0 ME) are best suited as IS. Unless precluded 
by other constraints, C17:0  ME and C23:0  ME are best used simultaneously to 
relate FAMEs with a low retention time to C17:0 ME and those with a high reten-
tion time to C23:0 ME. Separate calibration curves with different ratios of IS need 
to be established for all FAMEs of interest. The amount of IS may have to be 
adjusted to the fatty acid content of the sample, to ensure that the ratios of IS to each 
fatty acid are covered by the calibration curve. A dry mass of 3–4 mg litter and 
200–600 μg animal tissue are good starting points.
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