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Abstract: Amniotic fluid (AF) was investigated as a pos-
sible source of the neonatal recognition cue that plays a 
crucial role in ewe–lamb bonding in sheep. A total of 70 
of the 133 volatile organic compounds (VOCs), previously 
identified in the cranial wool of neonatal Dohne Merino 
lambs, was also identified in AF collected individually 
from neonatal twins. As in the case of the wool of neo-
natal lambs, the VOC profiles (GC-MS) of the AF of twins 
were remarkably similar. However, the VOC profiles of the 
AF differed from that of the wool VOCs of the same lambs. 
The VOCs that best represent the total variance in the AF 
and wool of neonatal lambs were not identified as ligands 
of the AF proteins. These observations suggest that it is 
unlikely that the neonatal recognition cue of sheep could 
be a maternal label derived from the AF in which a lamb 
is born, and that the neonatal recognition cue is probably 
produced by the lamb. Taking cognizance of the temporal 
changes that take place in the quantitative composition of 
the cranial wool VOCs, we hypothesize that components 
of the neonatal recognition cue are already produced by 
the lamb well before its birth and that the quantitative 
composition in which these volatiles are released into 
the AF does not correspond to the composition of the 
recognition cue of the lamb at its birth. When grooming 
the newborn lamb, its mother removes AF containing 

incorrect chemical information from her lamb’s body and 
this affords her enough time to learn its personal recogni-
tion cue.

Keywords: ewe–lamb recognition; proteomics; semio-
chemical communication; volatiles in wool and amniotic 
fluid.

1  Introduction
Sheep are seasonal breeders, and large proportions of 
ewes give birth during a relatively short lambing season. 
Recognition of a lamb is, therefore, crucial for the mother 
to provide nourishment selectively to her own offspring. 
When ewes are not in parturition, the odor of neonatal 
lambs plays an inhibitory role in maternal responsive-
ness [1]. However, for a few hours after parturition ewes 
become extremely attracted to birth fluids. Parturient 
ewes prefer eating food contaminated with amniotic fluid 
(AF) to non-contaminated food [2, 3] and ewes are more 
attracted to a model lamb smeared with amniotic fluid 
than to one not subjected to this treatment [4]. Lévy and 
Poindron [5] treated rejected lambs with AF, which led to 
an increase in the rate of acceptance of the lambs. The 
attraction to AF results in the ewe licking and grooming 
her lamb, low-pitched bleating and the acceptance of the 
lamb at the udder. These behaviors are directed toward 
the formation of the exclusive olfactory attachment 
between the ewe and lamb and rely on the ewe’s ability 
to memorize the individual olfactory cues from her off-
spring [6]. The bond between ewe and lamb is established 
through contact with the newborn lamb within 4–6 h after 
birth. If this fails to happen, maternal interest wanes and 
the ewe will not accept the lamb. Once the bond has been 
formed, ewe and lamb can be separated for relatively long 
periods without disrupting the integrity of the bond [3]. 
The importance of ewe multiple rearing ability in lamb 
survival has been highlighted in a review by Brien et al. 
[7] in which six ewe and lamb behaviors are pointed out 
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as conducive to lamb survival. Although not specifically 
discussed in that article, ewe–lamb bonding is the under-
lying factor in most of these behaviors, in which neonatal 
recognition is the key element. Exploring the possibility 
that the neonatal recognition pheromone originates from 
the wool of the lamb, Burger et al. [8] have identified 133 
VOCs associated with the wool of Dohne Merino lambs that 
presumably include the constituents of a putative neona-
tal recognition pheromone in sheep. Quantitative analysis 
and comparison of the odor profiles of twins revealed that 
the wool volatiles of twins are qualitatively and quantita-
tively practically identical but differ from those of other 
twins or non-twin lambs in the flock. Thus far, it has not 
been possible to confirm that these compounds are con-
stituents of a kin-recognition odor signature in sheep by 
carrying out bioassays using synthetic mixtures emu-
lating the composition of the lambs’ wool VOCs [8]. The 
failure of these bioassays will have to be reconsidered in 
the light of the recent discovery that the neonatal recogni-
tion cue of sheep undergoes temporal changes for at least 
the first 100 days of the lambs’ lives [9], information that 
implies that the analysis of the experimental lambs’ wool 
VOCs, the formulation of corresponding test mixtures and 
the bioassays should have been carried out well within the 
first 3 days after the cranial wool had been harvested.

Sheep farmers often smear the newborn lamb with 
the ewe’s AF in attempting to strengthen or restore the 
bond with a rejected lamb and general consensus seems 
to be that the ewe’s own AF has to be used to be effective. 
However, Alexander and Shillito [10], Terrazas et al. [11], 
Alexander and Stevens [12], Lindsay [3], and Lynch et al. 
[13] have presented irrefutable evidence showing that the 
discrimination of ewes between their own and alien lambs 
is mediated primarily by an olfactory cue from the lamb’s 
wool and skin, not from a specific area on the lamb’s 
body nor from the AF. It is known that that pheromone-
binding proteins (PBPs) assist in the transport of volatile 
pheromones in mammals (e.g. Beynon and Hurst [14]) 
and insects [15, 16] and that proteins from the preorbital 
secretion of the klipspringer, Oreotragus oreotragus, have 
specific affinity for the semiochemicals secreted by this 
animal [17]. Thus, despite the strong evidence to the con-
trary as mentioned, we investigated the possibility that 
proteins from the AF could, nevertheless, in some way be 
involved in neonatal recognition in sheep, for example, in 
the dissemination of the neonatal recognition cue.

Attempting to find a plausible explanation for the 
apparent contradiction between the extraordinary inter-
est of parturient ewes in AF and the results of our previous 
research on this topic as mentioned, qualitative and quan-
titative analyses were carried out on the AF collected from 

the bodies of the same Dohne Merino twins (Ovis aries) 
from which cranial wool was harvested for the identifica-
tion of the wool VOCs of neonatal lambs. Here, we report 
the comprehensive characterization of the AF collected 
from the bodies of newborn lambs, as well as the results 
of a comparison of the VOCs extracted from neonatal wool 
and AF.

2  Materials and methods
2.1  Sample collection

A flock of 165 twin-bearing Dohne Merino ewes was available for 
the collection of samples at Stellenbosch University’s experimental 
farm at Mariendahl, South Africa. AF samples were collected during 
the lambing season of 2007 individually in the field from the dizy-
gotic twins born from a sample group of 16 of these ewes (9.69%). 
The ewes, in groups containing one to five ewes, were mated with five 
different rams. These samples were used for the chemical characteri-
zation of VOCs present in the AF and for protein analyses. During the 
lambing season of 2007, AF and wool samples were collected from 
the same lambs. These samples were used to compare the wool VOC 
profiles with the AF VOC profiles of each of the lambs. AF samples 
(ca. 30 mL) were scraped off the bodies of the newborn lambs with 
a stainless steel spoon immediately after the ewes had given birth 
and were stored in glass bottles with Teflon-lined screw caps. The 
samples were kept on ice in the field and then stored at –20 °C in the 
laboratory until analyzed.

The procedures followed in our research were approved by the 
Stellenbosch University Ethics Committee: Animal Care and Use 
(Ethics number 11NC_BU01).

2.2  Analytical procedures

Syringes and other glassware were cleaned as described by Burger 
et  al. [8]. The stainless steel spoon and tweezers used for the col-
lection of AF samples from lambs were washed with 70% ethanol 
(Merck, Darmstadt, Germany) and dried prior to use. Dichlorometh-
ane (DCM) (Romil, Super Purity, Cambridge, UK or Pestanal Grade, 
Riedel de-Haën, Seelze, Germany) and tert-butyl methyl ether (TBME) 
(Sigma-Aldrich, anhydrous, 99.8%, St Louis, MO, USA) were used for 
the extraction of volatile organic material from AF and wool samples.

Gas chromatographic (GC), gas chromatographic-low resolution 
mass spectrometric (GC-LRMS), gas chromatographic-high resolu-
tion mass spectrometric (GC-HRMS), and enantioselective GC-MS 
analyses, as well as retention time index (RI) determinations of the 
volatile organic constituents of the AF samples were carried out as 
described by Burger et al. [8].

2.2.1  Headspace sampling of AF VOCs: A second generation sam-
ple enrichment probe (SEP) [18] was used to enrich the VOCs from the 
AF samples for GC and GC-MS analyses. A fresh and clear sample of 
AF (20 mL) was placed in a 50-mL glass bottle with a stainless steel 
insert that had the same thread as the injector cap of the GC. The AF 
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was stirred at 40 °C with a glass-encapsulated magnetic stir bar. A 
SEP50 (stalk 130 × 0.70 mm) carrying a 50-mm sleeve of polydimethyl-
siloxane (PDMS) tubing (47 mg) near its lower tip, was used to enrich 
the VOCs from the headspace gas of the AF for 4 h. The volatile com-
pounds retained in the PDMS were desorbed at 220 °C in the injector 
of the GC-MS instrument, and the SEP was left in the injector until 
completion of the analysis [19].

2.2.2  Solvent extraction of VOCs from AF samples: DCM and TBME 
were tested for the extraction of VOCs from the collected AF samples. 
TBME was found to be the more effective solvent, and the VOCs were 
extracted from the AF samples (5 mL) with small volumes (1 mL) of 
this solvent. On extracting the VOCs from the AF with these solvents, 
a gel was formed. Separation of the phases was facilitated by cen-
trifuging the emulsion for 1 min at 1200 g, freezing the AF at –20 °C 
and pouring off the supernatant solvent layer into a 2-mL vial. The 
extracts were concentrated to ca. 10 μL [20], and aliquots (1 μL) of 
the extracts were subjected to GC-MS analysis using split and septum 
purge flows of 10 and 1 mL/min, respectively, as described by Burger 
et al. [8]. Synthetic analogs of all the compounds identified in this 
study were used as external reference standards in qualitative analy-
ses and methyl hexanoate (14.8 μg/mL) as internal standard in quan-
titative analyses of the AF volatiles.

2.2.3  Solvent extraction of VOCs from cranial wool: For quantita-
tive comparison of the VOC content of the AF and wool of the same 
lambs, VOCs were extracted from cranial wool samples by a method 
adapted from Burger et al. [8]. Samples of cranial wool of 7-day-old 
lambs were sonicated for 5 min at 22 °C in Reacti-Vials (Pierce Chemi-
cal Co., Rockford, IL, USA) with enough TBME to cover the wool (ca. 
150 μg). The wool and extracts were transferred to Reacti-Vials with 
custom-made glass filter inserts, and the extracts were filtered off by 
centrifuging at 540 g for 1 min. The extracts were concentrated and 
analyzed as previously described.

2.2.4  Determination of double bond positions of unsaturated 
VOCs: The positions of the double bond(s) in the unsaturated VOCs 
of the AF were determined by dimethyl disulfide (DMDS) derivatiza-
tion and GC-MS analysis of the resulting adducts, according to an 
adapted version [8] of the method of Vincenti et al. [21].

2.2.5  Determination of absolute configuration of chiral com-
pounds: The absolute configuration of the chiral VOCs present 
in the AF samples was determined by enantioselective GC-MS [8]. 
Information on the enantioselective gas chromatographic behavior 
of several of the chiral compounds identified in this study has previ-
ously been provided by Maas et al. [22] and Burger et al. [23].

2.2.6  Protein separation: The protein content of the AF collected 
from three twins (n = 6) was estimated according to Bradford [24], 
using bovine serum albumin as standard. By adding an equal vol-
ume of 20% (w/v) trichloroacetic acid (TCA) to the protein sample 
and incubating the mixture on ice for 30 min, followed by centrifu-
gation at 16,000 g for 15 min at 4 °C, the proteins were concentrated 
by precipitation. The supernatant was removed and cold acetone 
(300  μL) was added. The sample was centrifuged at 16,000 g for 
15 min at 4 °C. The supernatant was removed and the protein pellet 
dried at room temperature.

The proteins associated with the cranial wool of two single-
born lambs and two pairs of twins (n = 6), all of the same age, were 

identified. To remove the wool-associated proteins from the wool 
without denaturing the wool keratin proteins, wool of each lamb 
(2.5  g) was placed in a 150-mL Erlenmeyer flask and 0.5% (w/v) 
sodium dodecyl sulfate (SDS) in 50 mL of 0.1 M sodium phosphate 
buffer (pH 6) was added and the mixture shaken for 2.5 h at 30 °C. 
The mixture was then placed in a 100-mL syringe, the aqueous phase 
separated from the wool and then centrifuged at 5000 g for 10 min. 
The aqueous phase was decanted from the dirt-containing pellet and 
an equal volume of 20% TCA was added to the aqueous phase. The 
mixture was stored overnight at –20 °C. The aqueous phase was cen-
trifuged at 10,500 g for 10 min, and the protein pellet resuspended 
in 2.5 mL of 15 mM phosphate buffer (pH 6) and placed in a 15-cm 
long, high-retention, seamless, cellulose dialysis tubing (flat width 
32 mm  ×  length 20 mm, MW 06205, D0530-100FT, Sigma-Aldrich) in 
a 10-L glass beaker and dialyzed against 15 mM sodium phosphate 
buffer (pH 6) for 24 h at 4 °C to remove SDS and other contaminants. 
The proteins were concentrated, precipitated and dried as described 
for the AF proteins.

2.2.7  Protein identification: The proteins were analyzed by dena-
turing PAGE (8% SDS PAGE; [25]) and stained with Coomassie blue 
[26]. In-gel digestion with trypsin was performed according to pub-
lished methods [27]. The partially digested peptides were separated 
on a Waters CapLC instrument (Atlantis, FL, USA) fitted with a dC18 
column (150  mm  ×  100 μm, bead size 3 μm). The peptide samples 
were loaded in 2% acetonitrile/0.2% formic acid (solvent A), and the 
column was eluted by using a linear gradient from 3% of solvent B 
(98% acetonitrile/0.2% formic acid) to 100% of solvent B over 50 min 
at a flow rate of 1.5 μL/min. Tandem mass spectrometric (MS/MS) 
data of the eluting peptides were acquired by nano-electrospray 
quadrupole time-of-flight MS (Waters API Q-TOF Ultima, Milford, 
MA, USA), scanning from m/z 400 to m/z 1995 at 0.5 s per scan with 
an interscan delay of 0.1 s. The resulting data were analyzed by 
Matrix software (http://www.matrixscience.com). Fragments were 
sequence-identified by database searches against publicly available 
mammalian databases using the Mascot search engine [28] and con-
firmed using the Basic Local Alignment Search Tool (BLAST) [29]. 
Probability-based molecular weight search (MOWSE) [28] scores were 
estimated by comparing searched results against an estimated ran-
dom match population and were reported as –10  ×  log10(p), with p 
as the absolute probability.

2.2.8  Anion-exchange chromatography: The protein content of 
samples of AF was estimated according to Bradford [24], using serum 
albumin as standard. Each protein sample (1 mg) was desalted and 
buffer-exchanged on a PD-10 column (Sephadex G-25 medium, GE 
Healthcare, Uppsala, Sweden) previously equilibrated with 25 mL of 
20 mM Tris-HCl buffer (pH 8.8) containing 5 mM DTT and 1 mM ethyl-
enediaminetetraacetic acid). A 5-mL HiTrap Q strong anion exchange 
column (GE Healthcare) was used for the separation. The column was 
equilibrated with several column volumes of binding buffer. A linear 
salt gradient (0–1  M NaCl in binding buffer) was used to elute the 
bound protein from the column and fractions of 1 mL were collected 
and pooled. The pooled fractions were loaded on a 10% SDS-PAGE 
gel as previously described and identified by comparing their molec-
ular masses with those of the previously identified proteins.

2.2.9  Ligand identification: The protein-containing fractions, sep-
arated by anion exchange chromatography, were combined in glass 
vials and 500 μL of TBME was added to each fraction [30]. The vials 
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were sealed and the VOCs extracted from the protein fractions by 
shaking the resulting suspensions overnight at 28  °C. The concen-
trated extracts were conventionally sampled and analyzed by GC-MS.

2.3  Statistical analysis

The peak areas from the total ion chromatograms (TICs) of the AF 
VOCs were normalized across all samples to produce variables with 
zero means and unit standard deviation [31] and were used to con-
struct data-matrices for the VOCs extracted from AF collected from 
day-old lambs. Principal component analysis (PCA) biplots, permu-
tation tests and investigations into predictivity were performed using 
R as described in Aldrich et al. [32] and Gardner-Lubbe et al. [33].

3  Results and discussion

3.1  Chemical characterization of the AF VOCs

The presumption that the odor profiles of dizygotic twins 
are qualitatively and quantitatively similar, but quanti-
tatively different from those of other lambs in the flock 
[8], was employed as a working hypothesis in the current 
investigation aimed at the identification of constituents of 
AF that might play a role in neonatal recognition in sheep.

Headspace analysis using the SEP technique in con-
junction with GC-MS analysis was considered as a possi-
ble method for the determination of the VOCs presumably 
present in the AF samples. However, because of the high 
viscosity of the AF, which precluded effective stirring of the 
AF, the unfavorable partition between the large volume of 
the AF sample and the small volume of PDMS of the SEP’s 
sleeve, only a few volatile compounds were detected in 
the resulting total ion chromatogram (TIC). Diluting the 
AF sample to 50% with water did not produce appreciably 
better results. Conventional solvent extraction with TBME 
was therefore adopted for the investigation of the chemi-
cal composition of the volatile fraction of the collected AF 
samples, although given the high viscosity of AF, solvent 
extraction was not expected to produce highly reproduci-
ble quantitative data. The concentrated extracts were sub-
jected to GC-MS analysis. A typical TIC of a TBME extract 
of an AF sample is shown in Figure 1.

The TBME extracts of the AF samples contained low 
concentrations of about 50% of the VOCs previously 
identified in lamb’s wool. Saturated and unsaturated 
alkanes, branched and unbranched primary alcohols, 
branched and unbranched aldehydes, branched and 
unbranched methyl ketones, an ethyl ketone, branched 
and unbranched saturated carboxylic acids, unsaturated 

carboxylic acids, benzoic acid, isopropyl tetradecanoate, 
γ-lactones (butanolides), terpenoids, dimethyl sulfone, 
pyrrolidine-2,5-diones and steroids in low concentrations 
were unambiguously identified in the extracts by GC-LRMS 
and GC-HRMS analyses, by determination of Kovats reten-
tion indices (RI) [34], and by GC-MS comparison of the 
VOCs with authentic synthetic analogs (Table 1). These 
compounds have molecular masses from 60.05 to 410.39 
Da and boiling points ranging from 119 °C to 360 °C. Some 
compounds identified in this study have previously been 
identified in lanolin [36–39].

Except for an unidentified steroid (C121), all of the 
70 VOCs detected in the AF samples were also present in 
cranial wool of neonatal lambs [8, 9]. Of the 133 wool VOCs, 
63 were not detected in the AF samples. This could possi-
bly be attributed to the inherent difference in sensitivity 
between the SEP enrichment technique employed for the 
extraction of VOCs from lamb’s wool in the previous inves-
tigations and the much less efficient solvent extraction 
followed by evaporation of the solvent from the extracts, 
which was used in the present study. In this regard, the 
loss of volatile molecules from the extract when it is con-
centrated for GC-MS has also to be taken into considera-
tion [41]. Of the 70 VOCs identified in the AF extracts, 33 
were observed only when using an apolar column, and 3 
only when using a polar AT-1000 column (an equivalent 
of free fatty acid phase, or FFAP), probably because of the 
difference in selectivity of these columns. Information on 
the VOCs identified in the AF is collated in Table 1.

3.2  Quantitative composition of AF VOCs

The quantitative composition of VOCs present in AF of 
twin lambs and in that of randomly selected lambs were 
compared to evaluate the intra-twin similarities and 
the inter-twin differences in the experimental flock of 
lambs. The 70 compounds identified in this study were 
all present in at least 10% of the samples collected during 
2007. The number and varying concentrations of these 
compounds are consistent with the constraints on the 
design of chemical communication systems used in kin 
recognition, which, according to Alberts [42], requires a 
wide variety of compounds present in different concentra-
tions. Approximately 78% of the total average peak area of 
the VOCs present in the AF samples consisted of only six 
compounds: cholest-5-en-3β-ol (44%), hexadecanoic acid 
(12%), 9-octadecenoic acid (10%), two unidentified ster-
oids (5% and 4%) and octadecanoic acid (3%). Of these 
constituents, only hexadecanoic acid had also been iden-
tified as a major neonatal wool VOC [8]. Hexadecanoic 
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Figure 1: Total ion chromatogram of a tert-butyl methyl ether extract of amniotic fluid collected from the body of lamb US-2007-0050.
*Contaminants.

acid and octadecanoic acid have previously been iden-
tified in lanolin [36, 39] and are almost omnipresent in 
mammalian tissue and glandular secretions. The total 
ion chromatograms (TIC profiles) of the extracts of the AF 
samples collected from the bodies of twin lambs are quite 
similar but remarkably different from those of other twins, 
as is illustrated in Figure 2A and B.

Of the 70 constituents identified as AF volatiles, only 
those present in 20% or more of the samples were con-
sidered as variables for statistical analysis, reducing the 
number of constituents analyzed to 48. The chromato-
graphic data used for multivariate analyses were charac-
terized by a large number of variables, in this case the peak 
areas of the identified constituents (n  ≤  48), compared 

to the number of sample units, and the number of AF 
extracts (n = 32). A permutation test of the analytical data 
calculated a p-value  < 0.027, indicating that the pairing of 
twin lambs, according to the qualitative and quantitative 
composition of the AF VOCs, did not occur by chance and 
was significant. The p-value is higher than that obtained 
for the wool VOCs of twin lambs (p < 0.001) [8] but is nev-
ertheless statistically significant.

The PCA biplots depicted in Figure 3A and B provide 
optimal two-dimensional presentations of the data 
matrix. Biplots can be considered as multivariate scatter-
plots that simultaneously give a graphical presentation 
of samples (lambs as points on the graph) and variables 
(identified constituents as linear axes on the graph). The 
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Table 1: Volatile organic compounds identified in tert-butyl methyl ether extracts of the amniotic fluid collected from the bodies of neonatal 
Dohne Merino twins. 

Compound 
numbera

  Compound  
 

Column  
 

Remarks   Compound 
number

  Compound  
 

Column   Remarksb

Apolar  Polar Apolar  Polar

C10   Nonane   √     a,c,d,l   P9   Octanoic acid     √   a,c,d,k
C20   Decane   √     a,b,c,d,l   C42   Nonanoic acid   √   √   a,b,c,d,k
C28   Undecane   √     a,b,c,d   C53   Decanoic acid   √   √   a,b,c,d,k
C36   Dodecane   √   √   a,b,c,d   C69   Dodecanoic acid   √   √   a,b,c,d,k
C58   Tetradecane   √   √   a,b,c,d,k   C85   Tetradecanoic acid   √   √   a,b,c,d,k
C80   Heptadecane   √     a,b,c,d,k   C94   Pentadecanoic acid   √   √   a,b,c,d,k
C89   Octadecane   √     a,b,c,d,k   C104   Hexadecanoic acid   √   √   a,b,c,d,k
C118   1-Pentacosene   √     a,b,c,e   C107   Heptadecanoic acid   √     a,b,c,d,k
C120   1-Hexacosene   √     a,b,c,e   C112   Octadecanoic acid   √   √   a,b,c,d,k
C25   1-Octanol   √   √   a,c,d,k   C115   Eicosanoic acid   √   √   a,b,c,d,k
C108   1-Octadecanol   √     a,c,d,k,m   M117   Heneicosanoic acid   √     a,b,c,d,k
C114   1-Eicosanol   √     a,c,d,k   M119   Docosanoic acid   √     a,b,c,d,k
C116   1-Heneicosanol   √     a,c,e,k   C82   12-Methyl tridecanoic acid   √     a,b,c,d,e,k
C6   4-Methyl-1-pentanol   √   √   a,c,d   C102   14-Methyl pentadecanoic acid   √   √   a,b,c,d,e,k
C4   Hexanal   √     a,c,d,l   C106   15-Methyl hexadecanoic acid   √     a,b,c,d,e,k
C8   Heptanal   √   √   a,b,c,d,l   C113   17-Methyl octadecanoic acid   √     a,b,c,d,e,k
C19   Octanal   √   √   a,b,c,d   C103   (Z)-9-Hexadecenoic acid   √   √   a,b,c,d,f
C27   Nonanal   √   √   a,b,c,d   C110   (Z,Z)-9,12-Octadecadienoic acid   √   √   a,b,c,d
C35   Decanal   √   √   a,b,c,d   C111   (Z)-9-Octadecenoic acid   √   √   a,b,c,d,f
C45   Undecanal   √     a,c,d   C92   Isopropyl tetradecanoate   √     a,b,c,d,e
C57   Dodecanal   √   √   a,b,c,d   C48   Nonan-4-olide   √   √   a,b,c,d,g
C67   Tridecanal   √   √   a,b,c,d   C61   Decan-4-olide   √     a,b,c,d,g
C73   Tetradecanal   √   √   a,c,d,o   C76   Dodecan-4-olide   √     a,b,c,d,g
C81   Pentadecanal   √   √   a,b,c,d,o   C109   Hexadecan-4-olide   √     a,b,c,d,g
C90   Hexadecanal   √     a,b,c,d,o   C93   6,10,14-Trimethyl-2-

pentadecanone
  √   √   a,b,c,d,h

C101   Heptadecanal   √     a,c,d,o   C122   Squalene   √   √   a,b,c,d,j
C105   Octadecanal   √     a,c,d   C9   Dimethyl sulphone   √   √   a,b,c,d
C77   13-Methyltetradecanal   √     a,c,d,e,o   C32   Benzoic acid   √   √   a,c,d
C97   15-Methylhexadecanal   √     a,c,d,e,o   C124   Cholest-5-en-3β-ol   √     a,b,c,d,k
C79   2-Pentadecanone   √   √   a,b,c,d,o   C38   3-Ethyl-4-methylpyrrolidine- 

2,5-dione
  √   √   a,b,i,g

C14   6-Methyl-2-heptanone   √   √   a,b,c,d,l   C39   3-Methyl-4-vinyl-1H-pyrrole- 
2,5-dione

  √   √   a,b,c,i

C47   3-Methyl-2-undecanone  √     a,c,d,e,g   C59   Unidentified   √    
C16   3-Octanone   √     a,b,c,d   C63   Unidentified   √   √  
P3   Acetic acid     √   a,c,d   C121   Unidentified   √    
P6   Butanoic acid     √   a,c,d   C123   Unidentified   √    

aCompounds C1–C124 are numbered in order of their elution from a glass capillary column coated with PS-089-OH (DB-5 equivalent) as in 
Figure 1, additional compounds P3, P6 and P9 were identified using a column coated with polar free fatty acid phase, and compounds M117 
and M119 were identified using a column coated with OV-1701 of medium polarity. bReliability of identification is indicated by the following: 
a, low-resolution electron impact mass spectrum; b, high-resolution electron impact mass spectrum; c, library spectrum (National Bureau of 
Standards [NBS] and/or National Institute of Standards and Technology [NIST]); d, retention time comparison with synthetic compound; e, 
Kovats retention index; f, double bond localization by dimethyl disulfide derivatization and GC-MS analysis; g, absolute configuration given 
in Burger et al. [8]; h, absolute configuration not determined; i, tentative identification; j, compounds previously identified in amniotic 
fluid [35]; k, compounds previously identified in lanolin [36–39]; l, compounds previously identified in wool [40]; m, compounds previously 
identified in inguinal gland of ewes [35]; n, compounds synthesized in this investigation; o, compounds identified as ligands associated 
with protein fractions.

significance of an axis of a biplot is similar to that of an 
ordinary scatterplot; if a line is drawn from any point in a 
biplot perpendicular to a biplot axis, the value of the vari-
able at that point can be read off from the axis. In addition 

to this usage of biplot axes, the angle between any two 
axes is an approximation of the correlation between the 
two relevant variables. Constituents lying on axes close to 
each other have a high level of correlation with each other 
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Figure 2: Total ion chromatograms of the tert-butyl methyl ether extracts of amniotic fluid collected from the bodies of two pairs of twin 
lambs (A) US-2007-0049 (left) and US-2007-0050 (right); (B) US-2007-0431 (left) and US-2007-0432 (right).

Figure 3: Principal component analysis (PCA) biplot of the amniotic fluid (AF) dataset displaying only the 17 axes that best represent the 
variation in the AF composition.
In (A) all 32 lambs are shown, whereas (B) provides an enlarged display of the demarcated crowded square area in (A). The two members of 
each pair of twins are connected with a line.
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and constituents displayed as axes that are 90 degrees 
in relation to one another have no correlation with one 
another. An axis is labeled at the positive value of its cali-
bration. The quality of a biplot is an overall measure of 
the accuracy of the two-dimensional approximation of the 
data matrix and hence also of the reliability of the analyti-
cal data.

Not all 32 samples and 48 variables evaluated in the 
present study are equally well represented in the biplots, 
as measured by the sample and axis predictivities, respec-
tively [33]. The quality of a biplot is an overall measure of 
the accuracy of the two-dimensional approximation of the 
data matrix and hence also of the reliability of present-
ing the analytical data in a two-dimensional plot. Fur-
thermore, sample and axis predictivities provide detailed 
information about how accurately each datum point is 
represented in the biplot and the degree of accuracy in the 
predictions made from the biplot axes. Predictivity values 
range from 0 to 1, the latter figure representing the highest 
predictivity. The quality of display for the PCA biplot in 
Figure 3A and B is 48.1%. The 17 constituents that best 
represent the total variance in the AF VOC dataset with 
predictivities of higher than 0.6, in order of decreasing 
predictivity, are dodecane (C36), heptadecane (C80), pen-
tadecanoic acid (94), 12-methyltridecanoic acid (C82), 
decanal (C35), hexadecan-4-olide (C109), hexadecanal 
(C90), pentadecanal (C81), undecane (C28), nonane (C10), 
undecanal (C45), tridecanal (C67), (Z)-9-octadecenoic acid 
(C111), tetradecanal (C73), heptadecanal (C101), decane 
(20) and dodecanal (57). In Figure 3A, only the 17 axes that 
best represent the predictivity in the AF are displayed. 
Each black square represents an AF sample collected from 
the body of a newborn lamb and extracted with TBME. The 
last two or three digits of the lambs’ numbers are given on 
the biplot, and twin lambs were numbered consecutively. 
The connecting black lines in the biplot in Figure 3A and B 
indicate the positions of the 16 experimental twins.

Constituents C81, C82, C90, C94 and C101 are a highly 
correlated group of variables in the biplot depicted in 
Figure 3A and B. The majority of the lambs are concen-
trated in the encircled area in Figure 3B, indicating that all 
of the AF samples have similar qualitative and quantita-
tive compositions.

3.3  �Comparison of the VOC content of wool 
and AF of twins

The AF samples used in the present study were collected 
after birth from the lambs from which cranial wool was 
collected a few hours later for the previously reported 

investigation into the composition of the wool VOCs of 
Dohne Merino twins. About 50% of the compounds iden-
tified in the cranial wool of neonatal lambs were also 
detected in the AF.

The efficiency of the SEP technique that was used for 
the extraction of the wool VOCs depends on the volatil-
ity of the VOCs and their dissolution in the apolar PDMS 
sleeve of the SEP, whereas the extraction of the VOCs from 
AF is governed by the relative solubility of the VOCs in 
the medium-polar solvent TBME and the aqueous AF, i.e. 
on the distribution ratio of the VOCs between the AF and 
TBME. Because these quite different sample preparation 
techniques were used to extract the VOCs from both the 
wool and AF samples, the detection of a larger number of 
VOCs in the cranial wool than in the AF of the same lamb 
cannot be construed as evidence in favor of the neonatal 
recognition cue being produced by the lamb. However, it 
can be argued that the extraction of the wool VOCs with 
TBME gave quantitative data accurately reflecting the rel-
ative quantitative ratios in which the VOCs were present 
in the different wool samples. Although TBME extrac-
tion was also used to extract VOCs from AF, the resulting 
data have to be considered with great circumspection. 
Short-chain carboxylic acids and alcohols are capable 
of forming strong hydrogen bonds and are not extracted 
equally effectively from aqueous matrices with medium-
polar solvents as these homologues have widely differing 
distribution constants in the extraction of these com-
pounds from aqueous matrices. The results obtained by 
TBME extraction of the AF samples thus were not expected 
to accurately reflect the ratio in which these VOCs were 
present in the AF samples. The same argument applies, to 
a somewhat lesser extent, to the extraction of short-chain 
aldehydes and ketones from AF. Conversely, the distribu-
tion constants of the medium- to long-chain apolar and 
medium-polar compounds, and specifically the alkanes, 
aldehydes and ketones, are practically identical as far as 
their extraction from aqueous media is concerned. The rel-
ative ratio in which neighboring homologous VOCs – for 
example tetradecanal and pentadecanal – are extracted 
from AF is therefore a credible reflection of the ratio in 
which they are present in the AF samples. The same 
argument applies to the other aldehydes and compound 
classes that showed high predictivities in statistical anal-
yses of the quantitative data. The data shown in Table 2 
provide reliable evidence that the VOC composition of the 
AF differs considerably from that of the cranial wool of 
lamb US-2007-0431.

From the ratio in which dodecanal and its neighbor-
ing homologs undecanal and tridecanal, for example, 
were extracted from the AF and wool of lamb US-2007-0431 
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Table 2: Comparison of the quantitative ratios in which selected 
compound classes are extracted with tert-butyl methyl ether from 
cranial wool and from amniotic fluid of lamb US-2007-0431.a 

Compound 
number

  Compound   Wool extract  Amniotic fluid 
extract

C11   Nonane   6.19  6.20
C19   2-Octanone   3.50  0.00
C21   Octanal   25.09  9.61
C22   Decane   5.59  24.02
C30   2-Nonanone   0.87  0.00
C32   Nonanal   100.00  100.00
C33   Undecane   8.77  42.87
C40   2-Decanone   2.15  0.00
C41   Decanal   13.13  18.80
C42   Dodecane   6.81  8.44
C51   2-Undecanone   2.92  0.00
C53   Undecanal   14.31  0.00
C54   Tridecane   10.40  0.00
C61   2-Dodecanone   1.94  0.00
C64   Dodecanal   14.15  0.00
C65   Tetradecane   13.04  3.46
C75   Tridecanal   40.55  142.67
C84   2-Tetradecanone   3.94  0.00
C85   Hexadecane   6.57  0.00
C86   Tetradecanal   49.77  37.28
C94   2-Pentadecanone   3.42  0.00
C95   Heptadecane   9.07  0.00
C96   Pentadecanal   78.04  1833.66
C105   Octadecane   6.20  12.36
C106   Hexadecanal   27.22  65.22
C121   2-Heptadecanone   11.74  0.00
C122   Nonadecane   15.10  0.00
C123   Heptadecanal   24.74  253.61

aThe data are normalized with respect to nonanal = 100.

(Table 2), it is clear that these three compounds are indeed 
present in totally different quantitative ratios in the cranial 
wool and AF of the same lamb. These aldehydes are used 
here as examples, because the statistical analyses showed 
that the aldehydes have high predictivities. The ratio in 
which tetradecanal and pentadecanal were extracted 
from AF and wool is even more convincing evidence that 
there are large differences in the VOC content of AF and 
cranial wool from the same lamb.

Visual comparison of the reconstructed TICs of the 
normalized peak areas of extracts of the cranial wool and 
AF of seven lambs, as depicted for example in Figure 4A 
and B, also clearly reveals large differences in the ratios in 
which the VOCs are present in the two matrices.

The quantitative data (n = 7), were subjected to anal-
ysis-of-distance (AoD) as described in Gower et al. [43] to 
display the differences between the AF and wool measure-
ments, respectively, of the lambs. The resulting 14 × 14 dis-
tance matrix was used as input to a principal coordinate 

Figure 4: Comparison of the reconstructed total ion chromatograms 
of volatile organic compounds extracted from the cranial wool 
(black) and amniotic fluid (gray) from (A) lamb US-2007-0605 and 
(B) lamb US-2007-0516.

analysis (PCO), and the construction of the associated 
AoD biplot depicted in Figure 5 graphically illustrates 
these differences. It is clear from Figure 5B that there is 
no overlap among heptanal, dodecanal, tetradecane, 
hexadecane and heptadecanone, whereas there is some 
overlap of hexadecanal, undecanone and pentadecanone.

3.4  �Characterization of the AF and 
wool-associated proteins

To investigate the possibility that residual AF proteins on 
a lamb’s wool could be involved in the dissemination of 
the neonatal recognition cue, the proteins present in the 
AF and on the wool of neonatal lambs were identified 
to establish whether these proteins are known for their 
ligand binding properties in mammals. This was followed 
by an investigation into the possible ligand binding prop-
erties of the identified proteins.

The protein concentrations of the AF and the wool 
extracts were determined as ca. 520 μg/mL and ca. 
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800  μg/g, respectively [24]. Typical SDS-PAGE gels 
obtained for wool- and AF-associated proteins are shown 
in Figure  6. The AF samples contained proteins with 
molecular masses ranging from 11 to 250 kDa. Five of the 
seven electrophoretically separable proteins selected for 
peptide analysis were identified. The wool sample con-
tained proteins with molecular masses ranging from 11 
to 70 kDa. Three of the nine electrophoretically separable 
protein bands selected for peptide analysis were identi-
fied. The results are summarized in Table 3.

AF was subjected to anion-exchange chromatography 
to separate the proteins without denaturation. The elution 
profile exhibited one broad peak (fraction 1) of unbound 
protein, and two incompletely resolved peaks: a sharp 
peak (fraction 2), and a broad peak (fraction 3), as depicted 
in Figure 7A. Fraction 1 did not associate with the column 
and did not contain any detectable proteins. Figure 7B 
shows an SDS-PAGE gel of the protein-containing frac-
tions 2 and 3. The gel in Figure 7B was visually compared 
with the gel obtained from the protein fractions separated 

Figure 5: Analysis of the distance biplot constructed from the 14 × 14 distance matrix of the amniotic fluid and cranial wool data using Eucli-
dean distance.
In (A) the eight axes (constituents) with predictivities larger than 60% are shown, whereas in (B) the plotting of axes (constituents) has 
been suppressed. Each lamb has two positions relating to its amniotic fluid analysis and its cranial wool analysis, respectively. In (B), these 
two positions are linked with dashed lines. Lambs are labeled using the last three digits of their US numbers. Convex hulls denoted by solid 
lines are constructed for the positions of the amniotic fluid and the cranial wool, respectively.
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Figure 6: Protein separation on 8% SDS-PAGE gel (200 μg from each sample) of (A) wool-associated proteins (protein bands numbered 
W1–W9), and (B) amniotic fluid proteins (protein bands numbered A1–A7).
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Table 3: Proteins identified in the amniotic fluid and cranial wool of Dohne Merino lambs. 

Band no.   MASCOT/BLAST result   Accession 
number

  Theoretical 
molecular 
mass, kDa

  MASCOT 
MOWSE 

scorea

  NCBI 
BLAST 

bit scoreb

  NCBI 
BLAST 
E-valuec

  Percentage 
coveraged

Amniotic fluid proteins
A1   Fibronectin (Bos taurus)   NP_001157250  249.401  237  49.3  1e–04  4 (7)
A2   Glycogen phosphorylase, liver form (Mus musculus)  NP_573461   97.238  54  46.0  8e–06  1 (1)
A3, A4, A5   Serum albumin precursor (Ovis aries)   NP_001009376  69.143  355  51.6  6e–09  9 (5)
A6   Fetuin precursor (Ovis aries)   NP_001009802  38.655  78  45.2  2e–07  3 (1)
A7   Immunoglobulin lambda light chain constant region 

segment 1 (Ovis aries)
  AAU45093   11.322  166  43.1  2e–06  32 (2)

Wool-associated proteins
W1, W2   Serum albumin precursor (Ovis aries)   NP_001009376  69.143  394  64.3  1e–12  16 (8)
W5, W6   Haemoglobin beta chain, foetal (Ovis aries)   P02083   15.921  329  63.5  1e–12  50 (5)
W9   Immunoglobulin lambda chain C region (Ovis aries)   B30554   11.305  169  45.4  4e–07  32 (2)

aProbability-based MOWSE score: Ions score is –10  ×  Log (p), where p is the probability that the observed match is a random event. Protein 
scores are derived from ions scores as a non-probabilistic basis for ranking protein hits. Individual ions scores indicating identity or exten-
sive homology (p <  0.05) for each of the proteins were as follows: A1  ≥  38; A2  ≥  39; A3, A4, A5, and A6  ≥  37; A7  ≥  38; W1, W2, W5, W6 and 
W9  ≥  37. bBit score rates the alignment of the peptide(s) with the protein sequence. High bit scores indicate good alignments. Bit scores are 
calculated to take into account the alignment of similar or identical residues and any gaps introduced to align the sequence. cE-value indi-
cates the statistical significance of the peptide and protein alignment, and reflects the size of the database and the scoring system used. 
The lower the E-value, the more significant is the hit. A sequence alignment with an E-value of 0.10 indicates that the similarity has a 10 in 
100 probability of occurring by chance. dNumber of peptides identified is indicated in brackets.
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Figure 7: Separation of amniotic fluid proteins by (A) anion-exchange chromatography using a HiTrap Q column and a NaCl gradient, and 
(B) on a 10% SDS-PAGE gel (200 μg).

by anion-exchange chromatography (Figure 7B) in order 
to tentatively identify the proteins’ apparent masses. 
The proteins A22 and A24 in fraction 2 corresponded to 

the previously identified glycogen phosphorylase (A2) 
(NP_573461) and serum albumin (A4) (NP_001009376). 
The proteins present in fraction 3 were present in much 
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higher concentrations and in higher purity and were sepa-
rated into sharp bands. These proteins, A24 and A27, corre-
sponded to the previously identified serum albumin (A4) 
(NP_001009376) and a peptide from the immunoglobulin 
lambda light-chain (constant region) (A7) (AAU45093).

The collected protein fractions (fractions 1, 2 and 3) 
were extracted with TBME and the extracts concentrated 
and subjected to GC-MS analysis to identify any puta-
tive ligands associated with the proteins present in the 
collected fractions. The TBME extract of fractions 1 and 
2 did not contain any VOCs. However, five constituents 
of the AF (Table 1) were also identified in the TIC of the 
TBME extract of fraction 3, viz. hexadecanoic acid (C104), 
9-octadecenoic acid (C111), octadecanoic acid (C112), the 
unidentified steroid C123 and cholest-5-en-3β-ol (C124). 
No low molecular mass volatile ligands were identified in 
these protein-containing fractions by GC-MS analysis.

The binding specificity of serum albumin is well 
known [44, 45] and probably accounts for the presence of 
the three long-chain carboxylic acids identified in fraction 
3. The binding capacity of serum albumin for cholest-5-en-
3β-ol has also been demonstrated [46, 47], and this prob-
ably explains the presence of cholest-5-en-3β-ol in fraction 
3. In addition to the ligands hexadecanoic acid, (Z)-9-octa-
decenoic acid, octadecanoic acid, and cholest-5-en-3β-ol, 
previously identified as ligands of serum albumin [47, 48], 
the unidentified steroid C123 was also found as a ligand of 
serum albumin in the present study.

The ligand binding properties of the wool-associated 
proteins were not investigated because the method that 
was used to extract the proteins from the lambs’ wool 
resulted in denaturation of the proteins and hence a con-
comitant loss of any possible ligands.

Several of the proteins identified in the AF and those 
associated with the wool are known to be present in blood 
plasma. Two proteins, serum albumin and an immuno-
globulin protein were identified in both the AF and the 
lambs’ wool. The major blood plasma protein is serum 
albumin, whereas hemoglobins, immunoglobins and 
fetuin are also associated with blood plasma [49]. Five pro-
teins, fibronectin, glycogen phosphorylase (liver form), 
serum albumin precursor, fetuin precursor and immuno-
globulin lambda chain (C region) were identified in the AF 
samples collected from of the bodies of newborn lambs. 
Three proteins, the serum albumin precursor, fetal hemo-
globin (beta chain) and immunoglobulin lambda chain (C 
region), were identified as wool-associated proteins.

The possibility has to be considered that traces of 
blood from the ewes possibly present in some of the AF 
samples collected from the bodies of the newborn lambs 
could have contributed to the protein content of the AF. It 

is also possible that proteins possibly present in the saliva 
of the ewe could be left on the wool during the grooming 
process. Taking into consideration that AF samples visibly 
contaminated with blood were not used in this study and 
that any blood nevertheless present in the AF came from 
the same ewe, it is unlikely that contamination from these 
sources could have had a major impact on our results. This 
is also borne out by the results of the statistical analyses 
of the quantitative data on the wool, as well as AF VOCs.

4  Conclusions
It is significant that neither the lower molecular weight 
compounds present in high concentrations in lamb’s 
wool, nor compounds that displayed high predictivities 
in the discrimination between the odor profiles of neona-
tal lambs, were identified as ligands of the AF proteins. 
The denaturation of AF proteins remaining on the lambs’ 
wool fibers thwarted attempts to determine ligand-bind-
ing properties of any putative wool-associated protein. 
Although the question regarding the possible role of AF 
in neonatal recognition in sheep thus has not been fully 
answered, it is unlikely that residual VOC-disseminating 
AF proteins could persist for 100  days or longer. Until 
credible contradictory evidence becomes available, we 
propose that the evidence presented here confirms earlier 
results according to which the AF does not carry the rec-
ognition cue.

The discovery that large differences exist in the quan-
titative composition of the VOCs from the cranial wool 
and AF collected within a few hours from the same lamb 
is an important outcome of the present investigation. It is 
unlikely that specific constituents of the AF of twin-born 
lambs could be selectively removed from the bodies of the 
twin lambs while the ewe is grooming them, even if the 
ewe is allowed unrestricted time. It is also unlikely that the 
composition of the VOCs could be spontaneously changed 
by as yet unknown influences to leave them with almost 
identical recognition cues that have practically no quan-
titative relationship with the VOC profiles of the AF they 
were born in. The presently available information thus 
supports earlier research that concluded that the major 
role of AF is to induce grooming behavior in the ewe.

We hypothesize that the available information on 
neonatal recognition in sheep could be rationalized as 
follows. Taking into consideration that a lamb already 
carries a thin coat of wool a month or more before par-
turition, it is possible that production of components of 
the recognition cue could commence well before the lamb 
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is born. Assuming that the observed temporal postpar-
tum changes in the quantitative composition of lamb’s 
wool VOCs set in before birth, probably as soon as pro-
duction of some or all of the components of the eventual 
recognition cue commences, the composition of the VOCs 
released into the AF will necessarily differ substantially 
from the quantitative composition of the lamb’s personal 
recognition cue when it is born a month later. Prompted 
by the AF, the ewe grooms her newborn lamb, removes the 
AF containing the dated message from its body to leave 
the cleaned lamb with an unadulterated recognition cue, 
which is produced by the lamb. The grooming process is 
an essential element in the bonding between lamb and 
ewe, as it affords her the time to learn her lamb’s recogni-
tion cue.

In future work on the current topic, attempts will be 
made to identify those VOCs that are present in lamb’s 
wool but are not essentially involved in the neonatal rec-
ognition in sheep. If this could be done, it might be possi-
ble to carry out a quantitative analysis of a lamb’s cranial 
wool VOCs, compose a corresponding synthetic mixture 
consisting of the remaining VOCs and conduct bioassays 
within the approximately two to three days during which 
time a ewe can be expected to recognize her own lamb’s 
recognition cue. In this endeavor we plan to use a recently 
developed novel and particularly reliable bioassay.
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