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Copepod Fecal Pellets as a Source of 
Dihydrophytol in Marine Sediments 

Abstract. Dihydrophytol (3,7,11,15-tetramethylhexadecanol) was identijied in the 
nonsaponijied lipid fraction offecal pellets from the copepod Calanus helgolandicus 
fed in the laboratory on a unialgal diet. Direct deposition in the fecal pellets of 
certain zooplankton species may explain the presence of dihydrophytol in marine 
sediments. Microbial reduction of phytol in sediment cores does not account for the 
origin of this compound in all sedimentary environments. 

Phytol [3,7(R),lI(R),15-tetramethyl- 
hexadec-2(E)-enol], the ester-linked iso- 
prenoid side chain of chlorophylls a and 
b, is an important and abundant algal 
lipid. It  is recognized as the precursor of 
a variety of acyclic isoprenoid com- 
pounds of 20 or fewer carbon atoms 
detected in aquatic organisms (1-3) and 
bottom sediments (4). 

Sever and Parker (5)  first detected 
dihydrophytol (3,7,11,15-tetramethyl- 
hexadecanol) in aquatic sediments and 
suggested that it was formed by hydroge- 
nation of phytol under reducing condi- 
tions. S~ecula t ion  was not made as to 
what mediates this reduction. Other re- 
searchers (6, 7) subsequently noted dihy- 
drophytol in freshwater, estuarine, and 
marine sediments and proposed rapid 
microbial reduction of phytol in the sur- 
facemost sediment as its most likely deri- 
vation. 

We now report that dihydrophytol can 
be directly introduced into particular 
sediments through the deposition of fecal 
pellets released by certain species of 
zooplankton. In situ microbial produc- 
tion from phytol (8) is not a requirement 
for the presence of this compound in all 
aquatic sediments. 

Controlled feeding experiments were 
carried out in the laboratory with two 
different species of zooplankton, stage 5 
of the copepod Calanus helgolandicus 
and nauplii of the barnacle Elminius mo- 
destus. The copepods were collected 
fresh by tow net and the nauplii were 
from adults obtained in the sea area of 
Plymouth Sound, England. Fecal pellets 
were obtained from an experiment in 
which the copepod and the barnacle nau- 
plii were individually fed the green alga 
Dunaliella primolecta and from an ex- 
periment in which the copepod was fed 
the same alga but with both organisms 
treated overnight with antibiotics (ben- 

zopenicillin and streptomycin, each 50 
mglliter) before the start offeeding. Each 
experiment was conducted over a period 
of 1 day, after which the fecal pellets, 
animals, and uneaten algal cells were 
separated by sequential filtering through 
nylon meshes (9, 10). 

All samples, including a portion of the 
original algal food stock, were then col- 
lected on combusted glass fiber filters 
and stored under methanol in a freezer 
until chemical extraction (11). Before 
storage, the animals were transferred to  
filtered seawater and starved overnight 
to eliminate any gut contents; half of the 
fecal pellet sample obtained from each of 
the two copepod experiments was trans- 
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ferred to  stoppered glass tubes contain- 
ing oxic, filtered seawater and aged for 2 
weeks at  10°C. 

Results of the analyses of the total 
fatty alcohol fractions (12) of the alga 
and of each pellet sample are summa- 
rized in Table 1. Phytol was the only 
alcohol detected in the alga (9). It also 
dominated the total fatty alcohol compo- 
sition in the copepod (9) and barnacle 
nauplii pellets. Phytol was not detectable 
in the total alcohol fraction of either 
animal, even with multiple ion detection 
gas chromatography-mass spectrome- 
try, although calanid copepods are 
known to accumulate metabolites of 
phytol in their total lipid pool (13). Dihy- 
drophytol was observed only in the co- 
pepod pellets and not in those of the 
barnacle nauplii, in either animal, or in 
the algal diet. The presence of dihydro- 
phytol in copepod fecal pellets and its 
absence from the algal diet strongly sug- 
gests that it is a metabolite of dietary 
phytol in this animal. 

The stereochemistry of the dihydro- 
phytol in the fecal pellets was deter- 
mined by gas chromatography (Fig. 1) 
and is designated as  3(R),7(R),l l(R),15- 
tetramethylhexadecanol. The presence 
of only one isomer of dihydrophytol is 
consistent with its formation through a 
biologically controlled reduction of the 
double bond of phytol (6). An abiotic 
reduction would occur nonstereospecifi- 
cally and yield an approximately equal 
mixture of SRR and RRR isomers (14). 

Our observation of dihydrophytol in 
the fecal pellets of C.  helgolandicus fed a 
unialgal diet demonstrates that in situ 
microbial production from phytol is not 
the only process responsible for the ap- 
pearance of this compound in sediment 
deposits. Van Vleet and Quinn (7) sug- 
gested that the exclusively RRR isomer 
of dihydrophytol observed in recent sed- 
iments from the Gulf of Maine is formed 

Fig. 1. Stereochemistry of dihydrophytol in 
copepod fecal pellets. (A) The total alcohol 
fraction of the untreated, unaged copepod 
fecal pellet sample, chromatographed as ace- 
tate derivatives on a polar glass capillary 
column [DEGSIPEGS, 50 m by 0.3 mm (inner 
diameter)] with hydrogen carrier gas (1.8 
kglcm2) and temperature programming (20" to 
125°C at 4°C per minute), yields a single peak 
for dihydrophytol. (B) A 1 : 1 mixture of SRR 
and RRR isomers, made by reducing commer- 
cial phytol with hydrogen and Pt02 as cata- 
lyst, resolves into its two diastereomeric com- 
ponents under these chromatographic condi- 
tions. (C) The dihydrophytol of the sample 
coinjects with the second eluting component 
(RRR) of the standard mixture. Although the 
SSS enantiomer represents a possible struc- 
tural assignment, the RRR configuration is 
assigned in view of the 2(E),7(R), ll(R) stereo- 
chemistry of algal phytol. 
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Table 1. Total phytol and dihydrophytol concentrations (absolute and relative) in the algal diet 
and fecal pellets of two zooplankton species. 

Sample 

Concentration* 

Phytol Dihydro- 
phytol 

Phytoll 
dihydro- 
phytol 

Danaliella primolecta 2.4 
Calanus helgolandicus feces 

No antibiotics or aging 2.0 0.033 61 
Aging but no antibiotics 2.3 0.041 56 
Antibiotics but no aging 1.7 0.015 110 
Antibiotics plus aging 1.5 0.016 94 

Elminius modesrus feces 0.13 

*Nanograms per lo4 cells (alga) and nanograms per fecal pellet (zooplankton). 

microbially from phytol in the sediment, 
although concentration profiles of dihy- 
drophytol and its precursor both remain 
relatively constant with depth down the 
core. They stated that in situ production 
has occurred in the surfacemost sedi- 
ment on a shorter time scale than repre- 
sented by the core sections examined. 
We draw attention to the fact that the 
dominant organism (in terms of biomass) 
in a mixed zooplankton sample collected 
from the Gulf of Maine in another study 
(15) was CalanusJinmarchicus, a species 
closely related to our study organism. 
Thus, in view of our results, it seems 
more reasonable that the dihydrophytol 
in the Gulf of Maine sediments reflects a 
"preformed" sedimentary input in cope- 
pod fecal pellets rather than production 
in the bottom deposit. A relatively 
steady depositional input would account 
for the observed constant concentration 
profiles of dihydrophytol and phytol with 
sediment depth. Input of dihydrophytol 
to  sediments through fecal pellets may 
be a geographically widespread phenom- 
enon, since calanid copepods are abun- 
dant in most temperate to cold waters. 

Is biological reduction of phytol to 
dihydrophytol mediated microbially by 
gut flora or enzymatically by the animal? 
Evidence that the animal is responsible 
was obtained from the exveriment with 
Calanus treated with antibiotics in which 
dihydrophytol was still detected in the 
fecal pellets (Table 1). However, the 
absolute concentration of dihydrophytol 
and its concentration relative to  phytol 
both changed in this experiment, consist- 
ent with the alternative interpretation 
that the microbial production of dihydro- 
phytol in the copepod gut is only retard- 
ed,  not blocked, by the antibiotic treat- 
ment. Accordingly, experiments were 
carried out in which the copepod pellets 
were aged in seawater to allow any en- 
dogenous gut flora of the copepod re- 
leased in the feces to  further effect lipid 
changes. The absolute and relative con- 
centrations of dihydrophytol and phytol 
in the aged pellets showed no marked 

change from those in corresponding un- 
aged samples (Table 1). This supports 
the interpretation that the dihydrophytol 
in these samples is produced by the 
copepod itself. 

The presence of dihydrophytol in the 
fecal pellets of the copepod has an im- 
portant biochemical implication for a 
metabolic pathway by which dietary 
phytol is converted to pristane in this 
organism (Fig. 2). Pristane (2,6,10,14- 
tetramethylpentadecane), although mea- 
surable in most zooplankton (16), typi- 
cally shows high enrichment in calanid 
copepods (2). In addition, phytanic 
acid (3,7,11,15-tetramethylhexadecanoic 
acid) and 4,8,12-trimethyltridecanoic 
acid are also important lipids in species 
of Calanus (3, 9, 13). The product-pre- 
cursor relation between the vristane and 
phytanic acid in two Calanus species and 
dietary phytol was shown in an earlier 
study (13) in which [u-'4C]phytol was 
used as a tracer. 

Phytol 

Dihydrophytol 

Phytanic acid 

Pristane 

Fig. 2. Proposed metabolic pathway of phytol 
to pristane in calanid copepods. (A) Reduc- 
tion of the double bond of phytol, producing 
dihydrophytol. (B) Oxidation of this alcohol 
to phytanic acid. (C) Decarboxylation of the 
acid to the C,, hydrocarbon. 

The proposed pathway by which phy- 
to1 is converted to  pristane in these zoo- 
plankton was previously suggested by 
Blumer et a / .  (2) but was not substantiat- 
ed, since dihydrophytol was undetected 
in the animal. Our observation of dihy- 
drophytol in C. helgolandicus fecal pel- 
lets is evidence for this metabolic route 
(17), assuming that dihydrophytol is a 
short-lived intermediate in the animal. 
The simplest explanation for the absence 
of dihydrophytol in the total lipid frac- 
tion of the copepod is that reduction of 
dietary phytol occurs rapidly in the gut 
and that the reduced product is assimilat- 
ed and quickly transformed to products 
such as  phytanic acid and pristane, 
which accumulate to measurable levels. 
This route requires < 100 percent effi- 
ciency of dihydrophytol assimilation, 
since dihydrophytol is released in the 
fecal pellets. We d o  not know whether 
reduction of the phytol moiety occurs 
before or after hydrolysis of the ester 
bond in chlorophyll. 

The ability of zooplankton in general 
to metabolize dietary phytol is not well 
established. Earlier studies showed that 
a high pristane content in the total body 
lipid fraction is characteristic of calanid 
copepods and atypical of most other 
types of zooplankton (2). Thus the ability 
to produce metabolites like dihydrophy- 
tol, phytanic acid, and pristane from 
phytol may be species-dependent. For  
example, in contrast to  C.  helgolandicus, 
fecal pellets from nauplii of E ,  modestus 
contained no dihydrophytol, only phytol 
(Table 1). Furthermore, no phytol-de- 
rived lipids were detectable in the total 
saponified lipid of the nauplii (18). Ex- 
periments with other herbivorous zoo- 
plankton may reveal that dihydrophytol 
is characteristic of the fecal pellets of 
only a small range of species. The dihy- 
drophytol in many sediments could 
therefore pinpoint a fecal pellet input 
from a very limited group of pelagic 
zooplankton. 
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Sodium-Coupled Sugar Transport: Effects on Intracellular 
Sodium Activities and Sodium-Pump Activity 

Abstract. Intracellular sodium activities, (Nu),, were determined in Necturus 
small intestine before and after addition of galactose to the mucosal bathing 
solution. In the absence of galactose, (Nu), averaged 12 millimoles per liter. Within 2 
minutes after the addition of galactose to the mucosal solution, (Nu),  increased to a 
mean value of 20 millimoles per liter and then declined, in parallel with an increase in 
transcellular sodium transport, to a value that did not direr sign$cantly from that 
observed in the absence of the sugar. The jnal steady state in the presence of 
galactose was characterized by a three- to fouvfold increase in the rate of transcellu- 
lar Nu+ transport in the absence of a signtj5cant increase in (Nu),. Thus, the increase 
in steady-state basolateral pump activity cannot be attributed to an increase in the 
intracellular sodium transport pool. 

It is generally accepted that the entry 
of some sugars and all natural amino 
acids across the apical or luminal mem- 
branes of small intestine and renal proxi- 
mal tubules in various animals through- 
out the phylogenetic scale is coupled to 
the entry of Na' and is energized by the 
electrochemical potential difference for 
Na' across those membranes (1). These 
coupled entry processes result in the 
"secondary active" absorption (2) of the 
sugars and amino acids and also bring 
about an increase in the rate of active 
Na' absorption by these epithelia. How- 
ever, the effect of these processes on the 
intracellular Na' activity, (Na),, and the 
relation between (Na), and the rate of 
active Na' absorption have not been 
clearly established. 

In 1972, Lee and Armstrong (3) report- 
ed that the addition of 3-0-methylglu- 
cose to the solution bathing segments of 
bullfrog small intestine in vitro resulted 
in a decrease in (Na), from an average 

value of 14.9 mM to one of 12.1 mM. 
Although the effect of this sugar on the 
rate of active Na' absorption was not 
reported, it is reasonable to infer from 
the results of earlier studies (4) that 
active Na' absorption was increased. 
Thus, one was confronted with two 
somewhat unexpected and paradoxical 
findings; namely (i) that (Na), decreased 
despite an increase in the rate of Na+ 
entry across the apical membrane and (ii) 
that the rate of active transcellular Na+ 
absorption, which reflects the rate of 
Na+ pump activity at the basolateral 
membrane, increased in the face of a 
decrease in (Na),. The single possible 
shortcoming of these studies was the 
method used to determine (Na),. Inas- 
much as highly selective liquid ion-ex- 
change resins for Na+ were not available 
at that time, the investigators used two 
closed-tip K+-selective microelectrodes 
with different selectivity coefficients for 
K' over Na+ (KKZNa) together with a 

succeeded in keeping the two single- 
barreled microelectrodes in place before 
and after the addition of the-sugar to the 
mucosal solution, so that the results are 
internally paired. 

Necturus maculosa (7) were stored in 
tap water at 4°C until use. The animals 
were anesthetized in tap water contain- 
ing 0.1 percent tricainemethanesulfonate 
(Sigma) until all reflexes were absent. 
The proximal one-third of the small in- 
testine was excised and stripped of its 
underlying musculature by blunt dissec- 
tion, and a segment of this stripped prep- 
aration was mounted mucosal surface up 
in a perfusion chamber with an exposed 
surface area of 0.19 cm2. The control 
perfusion solution contained (in milli- 
moles per liter): Na', 110; C1-, 117; K + ,  
2.5; Ca2+, 1.2; ~ g ~ ' ,  1.2; MOPS (7),2.5; 
and mannitol, 15. For the solutions con- 
taining galactose, 15 mM galactose was 
substituted for the mannitol. The pH of 
both solutions when equilibrated with air 
at 23°C was 7.2. 

Conventional microelectrodes for the 
determination of 9"' were fabricated 
from glass capillary tubing (outer diame- 
ter, 1.5 mm) (7) and, when filled with 
O.5M KCl, had tip resistances (measured 
in 0.5M KC1) of 40 to 60 megohms. The 
Na'-selective microelectrodes were fab- 
ricated from the same capillary tubing, 
with the same microelectrode puller used 
at the same settings. These electrodes 
were dried by heating in a nitrogen-filled 
oven at 200°C for 1 hour; then 20 pl of 
dichlorodimethylsilane was injected into 
the oven through a gas-tight port and the 
electrodes were heated for another hour. 
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