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Be ready at any time: postprandial synthesis of salivary proteins in
salivary gland cells of the haematophagous leech Hirudo verbana
Sarah Lemke, Christian Müller and Jan-Peter Hildebrandt*

ABSTRACT
Sanguivorous leeches are ectoparasites having access to body fluids
of potential hosts only infrequently. During feeding, salivary proteins
are released from unicellular salivary glands into the wound. These
substances, among them anti-coagulants, anti-inflammatory or anti-
microbial agents, allow these animals proper feeding and long-term
storage of host blood in their crops for several months. Using
histological, protein biochemical and molecular techniques, we
investigated whether synthesis of salivary proteins and refilling of
salivary gland cells occur immediately after feeding or later when
stored nutrients in the crop are getting scarce. The results of the
histological analyses showed that gland cell area was significantly
smaller right after feeding when compared with those in unfed
animals. This parameter recovered quickly and reached the control
level at 1 week after feeding. 2D gel electrophoresis and analysis of
the abundance of individual proteins in extracts of leech tissues
revealed that a subset of proteins that had been present in extracts of
unfed animals virtually disappeared during feeding, but re-appeared
within 1 week of feeding (most probably secretory proteins) while
another subset did not change during the experimental period (most
probably housekeeping proteins). Semi-quantitative PCR analysis of
hirudin cDNA prepared from leech RNA samples revealed that the
amount of hirudin transcripts increased immediately after feeding,
peaked at 5 days after feeding and declined to control values
thereafter. Our results indicate that bloodsucking leeches
synthesize salivary proteins and refill their salivary gland cell
reservoirs within a week of a blood meal to be prepared for another
feeding opportunity.

KEYWORDS: Sanguivorous leech, Salivary protein synthesis, Blood
feeding, Salivary protein cocktail, Hirudin

INTRODUCTION
The European leeches Hirudo medicinalis and Hirudo verbana are
model animals for studying the biology of haemotaphagous leeches
in general and for investigating the pharmacological properties of
their salivary gland proteins with respect to potential targets in host
animals (Kvist et al., 2013; Siddall et al., 2007). These leeches feed
on body fluids of amphibians, fish, birds, reptiles and mammals
(Ceylan and Erbatur, 2012; Dickinson and Lent, 1984; Kutschera
and Roth, 2005; Merilä and Sterner, 2002; Sawyer, 1986). During
feeding, leeches release bioactive salivary proteins and peptides
(Baskova et al., 2004; Baskova and Zavalova, 2001; Hildebrandt
and Lemke, 2011), produced in unicellular salivary glands in the
anterior segments of the leech body, into the wound (Hildebrandt

and Lemke, 2011). Only a handful of these substances out of up to
100 that may be present in leech saliva (Baskova et al., 2004) are
known so far, among them enzymes, anti-inflammatory or anti-
microbial agents and inhibitors like anti-coagulants (Ascenzi et al.,
1995; Baskova et al., 1992, 2008; Baskova and Zavalova, 2001;
Deckmyn et al., 1995; Greinacher and Warkentin, 2008; Gronwald
et al., 2008; Hildebrandt and Lemke, 2011; Kvist et al., 2013;
Müller et al., 2015; Rigbi et al., 1996; Vilahur et al., 2004). During
one blood meal that lasts at least 20–30 min (Lent et al., 1988), up to
1 mg of salivary protein is secreted into the wound (Lemke et al.,
2013), resulting in partial or complete emptying of the
approximately 40,000 salivary gland cells (Lemke et al., 2013).
As the opportunities for leeches to feed on blood are rare (Mann,
1962), they may take up to ninefold their own body weight during
one blood meal (Lent et al., 1988). The ingested blood is stored in
the large alimentary tract, the crop, composed of 10 pairs of
diverticula. The stored blood is digested in small portions (Zebe
et al., 1986) over a period of several months to a year (Hildebrandt
and Lemke, 2011; Mann, 1962).

To prepare for another blood meal, leeches have to refill their
salivary gland cells by synthesis of salivary proteins and peptides.
This raises the question (Schremmer et al., 1956) whether synthesis
of salivary gland cell proteins and peptides occurs early after
feeding (to ensure that every opportunity to feed can be used) or is
shifted to a period in which the leech is running short of stored blood
in the crop (which would probably be more economical as the
energy otherwise required for maintaining and replacing salivary
gland cell material during the storage phase could be saved). Such a
strategy has been recently suggested for the sanguivorous leech
Hirudinaria manillensis (Alaama et al., 2014).

To answer this question, we fed animals with commercially
obtained citrate blood drawn from pigs and prepared microscopic
sections from the anterior body including the salivary gland cells at
different times after feeding. We determined the salivary gland cell
areas in the images as ameans for quantifying the relative filling state
of the gland cell reservoirs. In addition, we determined the levels of
hirudin cDNA transcribed fromRNA samples obtained from leeches
at different times after feeding. Furthermore, 2D gel analyses of
proteins extracted from the tissue containing the salivary gland cells
at different times after feeding revealed the time course of refilling of
the gland cell reservoirs at the level of individual proteins.

MATERIALS AND METHODS
Experimental animals and feeding
Leeches (Hirudo verbana Carena 1820) were obtained from Futura
Blutegelzucht, Berlin, Germany. A maximum of 20 animals were
maintained in glass containers in artificial pond water (0.5 g sea salt
dissolved in 1 litre deionized water) at room temperature (12 h light/
dark cycles). Leeches were fed on citrate-supplemented pig blood
contained in washed pig intestine (both obtained from Greifenfleisch
GmbH, Greifswald, Germany) and heated to 37°C in a water bath.Received 26 November 2015; Accepted 3 February 2016
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Sectioning of paraffin-embedded tissue samples and
imaging
Unfed leeches (controls) or leeches that had ingested blood and were
held for 0, 1, 3, 5, 7, 14 or 21 days in artificial pond water at room
temperature (N=3 each) were stretched out on a perforated wooden
rod using sewing needles stuck through anterior and posterior
suckers and fixed in 4% formaldehyde solution for 12 h at 4°C. The
anterior body part containing the salivary gland cells was removed
from the rest of the body. The tissue was dehydrated by placing it in
80% (v/v) ethanol in distilled water for 2 h and subsequently for
2×30 min in 96% (v/v) ethanol. The samples were then transferred
to a tetrahydrofuran (THF)–ethanol solution (1:1 ratio) for 2 h, pure
THF overnight, THF with paraffin for 24 h at 60°C and finally pure
paraffin for 24 h at 60°C. Afterwards, liquid paraffin wax (60°C)
was poured into a mould, and, using hot tweezers, the sample was
longitudinally aligned into the mould and left under a laminar flow
hood (24 h, 20°C) for slow cooling. Longitudinal sections (5 μm) of
embedded tissue were prepared on a microtome (Microm HM 360
Rotary Microtome, ThermoScientific, Dreieich, Germany). The
tissue sections were dried on a heat bench (40°C) overnight, then
stained using an Azan staining procedure according to Geidies
(Gabe, 1968). Two digital images per sample were obtained using a
Nikon Eclipse TE300 microscope and a Nikon DXM 1200 digital
camera (Nikon, Düsseldorf, Germany). The salivary gland cell areas
were marked and measured using Image Tool Software (UTHSCSA
Image Tool 3.0) on a standard laboratory computer.

Extraction of hirudin mRNA and PCR of hirudin cDNA
Leeches were kept for at least 3 months without feeding (unfed
leeches, N=3) or for 1, 3, 5, 7, 14 and 21 days after voluntary feeding
for 30 min (N=3 each). To avoid contamination of RNA preparations
with residual material from host blood in the crop, the stomach
contents of each leech were removed using a cannula inserted through
the mouth into the crop 12 h before tissue sampling. Leeches were
anaesthetized and frozen by cooling them quickly to −20°C for
10 min. The tissue containing the salivary gland cells was prepared
and transferred to 500 μl TRIzol®-reagent (Invitrogen, Karlsruhe,
Germany). Tissue was homogenized on ice using a T8 Ultra-Turrax
(IKA Labortechnik, Staufen, Germany) for 3 min. Samples were
incubated in a water bath (Memmert, Schwabach, Germany) at 25°C
for 5 min. Then, 100 μl chloroform (Roth, Karlsruhe, Germany) was
added and the tissue sample placed in a water bath for a second time
(2 min, 25°C). Subsequently, the sample was centrifuged (15 min,
11,000 g, 2–8°C) using a Biofuge (Heraeus, Hanau, Germany). The
aqueous phase containing the RNA was removed and 300 μl
isopropanol was added. The mixture was incubated at 20°C for
10 min and centrifuged (10 min, 11,000 g, 2–8°C). The supernatant
was carefully removed, and the pellet waswashed in 500 μl 70% (v/v)
ethanol at −20°C and centrifuged again (5 min, 7000 g, 2–8°C). The
alcohol was then poured off the pellet, the pellet was dried (10 min,
37°C), and precipitated material was resuspended in water
(bioscience-grade; Roth, Karlsruhe, Germany). The purity and
concentration of RNA were determined by measuring the
absorption at 230, 260 and 280 nm in a BioPhotometer 6131
(Eppendorf, Hamburg, Germany).
The volume of RNA suspension for each of the reverse

transcriptase reactions was adjusted to 1.2 μg of RNA per assay;
2 μl Oligo-dT primer and the RNA sample were mixed. Water (see
above) was added to reach a final volume of 14 μl per assay. The
samples were incubated in a thermocycler (Biometra, Göttingen,
Germany) at 70°C for 10 min. Afterwards, they were cooled on ice
and centrifuged briefly. A volume of 4 μl of a 5× reaction buffer for

reverse transcription (RT) (ThermoScientific, Schwerte, Germany)
and 2 μl dNTPs (Roth) were added to the sample and incubated at
37°C for 5 min in a T-gradient thermocycler (Biometra, Göttingen,
Germany). Addition of 1 μl of reverse transcriptase (RevertAid™
Reverse Transcriptase M-MuLV, ThermoScientific) started the RT
reaction (42°C for 1 h, 70°C for 10 min). For each PCR reaction,
2.5 μl Taq buffer solution+(NH4)SO4-MgCl2 and 2.5 μl MgCl2
(Fermentas, St Leon-Rot, Germany), 1 μl dNTPs (Roth), 2.5 μl
cDNA template, 11.5 μl water and 0.8 μl DNA Taq polymerase
(ThermoScientific) were combined in a PCR tube. Either β-actin
primers (Anas_Act_FW1 forward primer, 5′-GGCTACAGCTTC-
ACCACCACAGC-3′, and Anas_Act_Rev1 reverse primer, 5′-TG-
CTTGCTGATCCACATCTGCTGG-3′, 2.5 μl each) or hirudin
primers (Hiru_FW2 forward primer, 5′-CTTACACTGATTGTAC-
AGAATCGG-3′, and Hiru_Rev2 reverse primer, 5′-TATTGGTA-
AATAGCTTAGCTATGG-3′, 2.5 μl each) were used. The PCR
reactions (30 cycles) were performed using annealing temperatures
of 48°C. Equal volumes of PCR products were transferred to 2%
agarose gels and electrophoresis was carried out at 80 V. For better
comparison, all samples of a given time point were loaded onto the
same gel. Agarose gels were incubated in ethidium bromide solution
(0.0001% w/v ethidium bromide in TAE buffer) for 25 min at room
temperature. For detection of PCR products using UV light, the
Quick Store Plus system (MS Laborgeräte, Wiesloch, Germany)
was used. Densitometric analyses were performed using Phoretix 1
D (NonLinear Dynamics, Newcastle upon Tyne, UK). The relative
band densities of hirudin-related PCR products were normalized to
those of β-actin in the same cDNA preparation.

2D gel-based semi-quantification of salivary proteins
Leeches were prepared for salivary gland cell protein extraction at 1,
3, 5, 7, 14 or 21 days after feeding or after being kept for at least
3 months without feeding (unfed leeches). Protein extracts from
tissue containing the salivary gland cells were prepared and
processed by 2D gel electrophoresis as described elsewhere
(Lemke et al., 2013). Spot detection after silver staining and
densitometric analyses were performed using Phoretix 2D
(NonLinear Dynamics). To avoid inequalities based on silver
staining, the densitometric volume of each spot was normalized to
that of a protein spot that was consistently detected in each gel
(spot 1).

Data presentation and statistics
Means (±s.d.) were calculated from double determinations on tissue
preparations of different animals (N). Differences of individual
means were tested for significance using Student’s t-test or the
Wilcoxon test using the program package R. Significant differences
of means were assumed with P<0.05.

RESULTS
Emptying and refilling of salivary gland cells
As previously reported (Hildebrandt and Lemke, 2011), and
confirmed in this study (Fig. 1), leeches secrete most of the
material stored in the cell bodies of their salivary gland cells
during one round of feeding. Many salivary gland cell bodies were
visible in Azan-stained longitudinal sections of leech tissue from
the anterior body part of unfed animals (Fig. 1A). In leeches that
were prepared for sectioning immediately after having consumed a
blood meal (Fig. 1B), the areas covered by salivary gland cell
bodies in images of microscopic sections (arrows) were much
smaller than those in unfed animals. Taking this parameter as a
proxy for the filling state of the gland cell bodies, analyses were
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performed on microscopic sections prepared from unfed leeches
(0 days after feeding), and leeches prepared immediately after
feeding (0.1 days after feeding) or 1, 3, 5, 7, 14 or 21 days after
feeding (N=3 animals per time point). Approximately 150 salivary
gland cells per time point were measured. As shown in Fig. 2, the
area in microscopic images of tissue sections covered by salivary
gland cell bodies decreased significantly by approximately 40%
during feeding. Measurements of this parameter during the
3 weeks post-feeding revealed that the area values slowly
increased during the first week after feeding to reach a level that
was not significantly different from that in unfed leeches on day 7
after feeding (Fig. 2).

Feeding-associated changes in abundance of individual
salivary proteins
Protein extracts prepared from central tissue cylinders excluding the
body wall muscle layers from anterior portions of leech bodies were
used for 2D analyses of changes in abundance of individual proteins
during feeding and during refilling of the salivary gland cell bodies
after feeding. Proteins that could be consistently detected in silver-
stained gels of protein extracts from unfed leeches were individually
numbered (Fig. 3A) and followed over a period of 3 weeks after
feeding. The example gel images shown in Fig. 3B–F illustrate the
characteristic protein spot patterns that were observed at 1, 3, 5, 7 or
21 days after feeding, respectively. Some protein spots were highly
reduced or even absent in samples from recently fed animals, while
others were consistently present at all times. This indicates that one
fraction of the extracted proteins represented secretory proteins,
while the other represented housekeeping proteins from salivary
gland cells and surrounding tissue whose abundance was not
affected by the feeding process. Densitometric analyses (density of
protein spots in silver-stained gels normalized to the density of the
reference protein, spot 1) revealed that a subgroup of proteins in the
extracts underwent characteristic changes in abundance. Proteins
represented by spots 4, 5, 7, 9, 10, 13, 19, 20, 21, 25, 36 or 39 among
others were significantly reduced in abundance compared with the

control samples obtained from unfed animals (Fig. 4) on days 1, 3
and, in some cases, 5, and increased afterwards to reach levels that
were not distinguishable from the control levels in unfed animals at
day 7 onwards after feeding. Another set of proteins in the extracts
represented by the spots 2, 3, 6, 11, 17, 18, 31 or G, among others,
did not show any significant changes in their abundance over time
(Fig. 5).

Changes inhirudin transcript abundance in leech tissueafter
feeding
As the identities of the proteins represented by the silver-stained gel
spots are still unknown, we were not able to analyse their transcript
abundance, which can be used as a proxy for the rate of gene
transcription and synthesis of the respective proteins. However, as
hirudin is one of the few salivary proteins that have been
characterized at the molecular level, we performed RT-PCR
reactions on total RNA extracts prepared from central tissue
cylinders excluding the body wall muscle layers from anterior
portions of leech bodies to semi-quantify the abundance of hirudin
transcripts in unfed leeches and in fed leeches at 1, 3, 5, 7, 14 or
21 days after feeding (N=3 animals each).

Transcripts in total RNA preparations were transcribed into
cDNA. The cDNAs of hirudin and β-actin were amplified by PCR
using specific primers as previously described (Müller et al., 2015).
The PCR reactions were performed using a limited number of cycles
to prevent the samples going into saturation, and the PCR products
were separated on agarose gels and stained using ethidium bromide.
The gel images were digitized and the staining densities of
amplificates were determined. The band densities of hirudin

Fig. 1. Comparison of Azan-stained longitudinal paraffin sections
prepared from the anterior body part of Hirudo verbana. (A) Example
image of leech tissue prepared from an unfed animal. (B) Example image of
leech tissue prepared from an animal immediately after feeding. In unfed
leeches, salivary gland cells (examples encircled to indicate the cell area in the
section) are filled with salivary material (blue or red staining, arrows).
Immediately after feeding, salivary gland cells (see encircled examples)
appear partially or completely empty (smaller encircled area). Scale bar,
100 µm.
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Fig. 2. Number of visible salivary gland cells and relative cell area as
determined in digital images of Azan-stained microscopic sections.
Tissue sections were prepared from unfed leeches (day 0) and at 1, 3, 5, 7, 14
or 21 days after feeding (N=3 each). In two microscopic images per animal, the
number of detectable salivary gland cells was counted (A) and the gland cell
area was measured (B). Data are shown as means±s.d. with levels of
significance of *P<0.05 or **P<0.01.
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cDNA were normalized to those of β-actin cDNA. These analyses
showed significant differences in hirudin cDNA levels in fed
leeches at days 3 and 5 after feeding compared with those in unfed
leeches (Fig. 6). The highest level of hirudin cDNA occurred at
5 days after feeding. At 14 and 21 days after feeding, the transcript
level was back to the control level in unfed leeches.

DISCUSSION
Haematophagous leeches like H. verbana feed on body fluids of
fish, amphibians, reptiles, birds and mammals (Ceylan and Erbatur,

2012; Davies and McLoughlin, 1996; Dickinson and Lent, 1984;
Kutschera and Roth, 2005; Merilä and Sterner, 2002; Sawyer,
1986). Mammalian blood in particular is an important resource for
leeches as it contains hormones and other components the parasites
need for reaching sexual maturity (Wilkin and Scofield, 1991).
When the residual crop contents of the previous blood meal have
been digested and leeches get hungry, they become extremely
sensitive to water movements which may indicate potential prey. In
close range of a potential host they are attracted by body heat and
chemical clues, and attach themselves to a suitable portion of the

Fig. 3. Representative 2D gels prepared using
protein extracts from the salivary gland cell tissue
of adult H. verbana. Protein samples were prepared
from leeches that were unfed (A, control), or had been
fed 1 (B), 3 (C), 5 (D), 7 (E) or 21 days (F) before
protein preparation. Proteins were separated
according to their pI (horizontal axis) and their
molecular mass (vertical axis) and were silver stained.
Some of the spots detected in unfed leeches (A) were
transiently reduced in volume (density×area) or even
absent in samples from fed leeches. Within 1 or
2 weeks (E,F), most of these spots returned to
volumes that were similar to those in unfed leeches.
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host’s body surface and start biting through the skin (Dickinson and
Lent, 1984). Feeding on blood, however, requires that substances are
applied to the wound to prevent the host from noticing the parasite

(anaesthetics), and to prevent wound closure and haemostasis (anti-
thrombotic agents) or blood clotting (anti-coagulants). Furthermore,
the leech has to make sure that the blood components in its crop are
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not degraded during the storage period of up to a year (Hildebrandt
and Lemke, 2011; Lent et al., 1988; Mann, 1962), a task that is
supposedly assisted by symbiotic bacteria in the crop and by
protease inhibitors released into the wound and in part swallowed
together with host blood. These bioactive substances are produced
and stored in unicellular salivary gland cells in the anterior body part
of the leech and secreted during feeding (Ascenzi et al., 1995;
Baskova et al., 1992; Baskova and Zavalova, 2001; Hildebrandt and
Lemke, 2011; Kvist et al., 2013; Müller et al., 2015). We have
recently shown (Hildebrandt and Lemke, 2011), and confirmed in
this study (Fig. 1), that leeches transfer most of the salivary gland
cell contents into the wound during a single blood meal. As leeches
are unable to feed again without first refilling their salivary gland
reservoirs, they have to prepare for another blood meal by
synthesizing salivary proteins and peptides and accumulating the
products in the salivary gland cell reservoirs. This raises the
question, in which period after feeding are salivary proteins
synthesized? The refilling could proceed along with the digestion
of residual stored blood at the end of the storage period (up to 1 year
after feeding) or soon after feeding. Both strategies would be
biologically meaningful. In the first case, leeches could invest
energy and building material from host blood into processes
associated with general growth and maturation of the sexual organs,
while not spending resources on the production and maintenance of
salivary proteins and peptides they do not really need while their
crop is still filled with host blood from a previous meal.

Alternatively, leeches may want to be prepared to successfully
obtain blood from any available host at any time of their digestive
phase as their chances of finding a proper host are very limited.

To evaluate these possible alternatives, we investigated the
degree of salivary gland cell filling using histological techniques in
unfed leeches and in fed leeches at different times after feeding,
studied the changes in salivary protein abundance in leech tissue
using quantitative protein analysis by 2D gel electrophoresis and
silver staining, and determined the transcript abundance of a small
example protein in leech saliva, hirudin.

The salivary gland cell areas of fed animals were at least 40%
smaller than those of unfed leeches (Fig. 2). To investigate this
further, we analysed protein extracts from leech tissue containing
salivary gland cells for changes in protein abundance using 2D gel
electrophoresis. There were at least 30 proteins that could be
consistently detected in such preparations (Fig. 3). Most of these
proteins were absent or at least reduced in their abundance
immediately after feeding (Figs 3, 4), indicating that these
proteins are secretory proteins, while others displayed a stable
presence over the entire experimental period (Figs 3, 5), indicating
that these are housekeeping proteins in the salivary gland cells or in
the surrounding tissue. As the protein spots representing the
secretory proteins re-appeared in samples obtained during the first
week after feeding (Figs 3, 4), we assume that these proteins had
been newly synthetized and stored within the salivary gland cell
bodies. All of these proteins had a very similar time course of
abundance (Fig. 4), which indicates that the signals mediating the
elevation of synthesis rates of salivary proteins are switched on
immediately after feeding. Moreover, these signals are probably not
specific for individual proteins, but are overall inducers of salivary
gland protein synthesis.

Signals inducing increases in protein abundance may induce
elevations in the rates of gene transcription or in translation rates. To
better understand the mechanisms underlying the observed
increases in protein synthesis in salivary gland cells, knowledge
about potential changes in the amount of transcripts (mRNAs) for
these proteins is required. However, as genome sequences are not
yet available for many leech species and genetic background
information is only available for a very limited number of salivary
proteins, we were not able to analyse transcript abundance on a
broad scale. Instead, we selected one well-known salivary protein,
the anti-coagulant hirudin, for analysing transcript levels and their
potential changes following feeding of the animals.

Densitometric analyses of relative band densities of PCR products
obtained using hirudin cDNA derived from RNA preparations of
leech tissue as a template (normalized to β-actin cDNA) showed that
hirudin transcript levels were significantly increased at 3 and 5 days
after feeding (Fig. 6). After this period, transcript abundance returned
to the control level in unfed animals. We conclude that the signals
mediating synthesis of salivary gland proteins and re-filling of the
gland cell reservoirs may induce transcription of the hirudin gene,
resulting in elevated levels of hirudin mRNA in the cells.
Considering the time course of transcript level changes (Fig. 6), it
seems clear that the synthesis of hirudin occurs within a few days
after feeding like all of the proteins represented by the gel spots
shown in Fig. 4. It remains unclear, however, whether synthesis of all
these salivary gland cell proteins is a result of increased transcription
rates of their genes or of regulation of the translation rates at
unchanged levels of their transcripts.

On first sight, our data seem not to confirm to the results
previously obtained using H. manillensis (Alaama et al., 2014),
which indicated that the highest protein concentrations in saliva
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Fig. 6. Abundance of hirudin transcripts in leech salivary gland tissue
before and after feeding. (A) Example gel showing PCR products using
primers selective for hirudin or β-actin cDNA using cDNA preparations from
unfed (u) or fed (1, 3, 5, 7, 14 and 21 days after feeding) leeches as templates.
(B) Semi-quantification of hirudin PCR products. Band densities of hirudin
PCR products prepared from RNA samples obtained from unfed leeches (day
0) or leeches at 1, 3, 5, 7, 14 or 21 days after feeding (N=3 each) were
normalized to those of β-actin cDNA at the same time points. Data are shown
as means±s.d. with levels of significance of *P<0.05.
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secreted during feeding were reached only at 12–15 weeks after the
previous blood meal. The results of our study indicated that
synthesis of salivary gland proteins starts within days of feeding and
results in virtually complete refilling of the gland cell reservoirs
within 1 week of feeding. This strategy of being prepared at all times
for taking up food seems to be well adapted to the condition in
which finding suitable hosts and consuming sufficient amounts of
blood are rather rare events in the lifetime of a leech in its natural
environment.
While our data point to the early re-instatement of the potential to

secrete large amounts of salivary proteins, the data reported by
Alaama et al. (2014) may better indicate what recently fed leeches
actually do if they get another opportunity to take up blood. It is an
interesting hypothesis that leeches having residual amounts of host
blood in their crops may not secrete the full load of salivary
substances during another round of feeding, while really hungry
leeches do not hold back any of these substances during feeding to
enhance their chances of taking up maximum loads of host blood.
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Gewinnung von Hirudin, der Wirksubstanz des medizinischen Blutegels (Hirudo
medicinalis L.). Monatsh. Chem. 87, 87-99.

Siddall, M. E., Trontelj, P., Utevsky, S. Y., Nkamany, M. and Macdonald, K. S.
(2007). Diverse molecular data demonstrate that commercially available
medicinal leeches are not Hirudo medicinalis. Proc. R. Soc. B Biol. Sci. 274,
1481-1487.

Vilahur, G., Duran, X., Juan-Babot, O., Casani, L. and Badimon, L. (2004).
Antithrombotic effects of saratin on human atherosclerotic plaques. Thromb.
Haemost. 92, 1-226.

Wilkin, P. J. and Scofield, A. M. (1991). Growth of the medicinal leech, Hirudo
medicinalis, under natural and laboratory conditions. Freshw. Biol. 25, 547-553.

Zebe, E., Roters, F.-J. and Kaiping, B. (1986). Metabolic changes in the medicinal
leech Hirudo medicinalis following feeding. Comp. Biochem. Physiol. A Physiol.
84, 49-55.

1145

RESEARCH ARTICLE Journal of Experimental Biology (2016) 219, 1139-1145 doi:10.1242/jeb.135509

Jo
u
rn
al

o
f
Ex

p
er
im

en
ta
lB

io
lo
g
y

http://dx.doi.org/10.1016/0098-2997(95)00002-X
http://dx.doi.org/10.1016/0098-2997(95)00002-X
http://dx.doi.org/10.1016/0098-2997(95)00002-X
http://dx.doi.org/10.1016/0098-2997(95)00002-X
http://dx.doi.org/10.1023/A:1010223325313
http://dx.doi.org/10.1023/A:1010223325313
http://dx.doi.org/10.1016/0049-3848(92)90076-M
http://dx.doi.org/10.1016/0049-3848(92)90076-M
http://dx.doi.org/10.1016/0049-3848(92)90076-M
http://dx.doi.org/10.1023/B:BIRY.0000040202.21965.2a
http://dx.doi.org/10.1023/B:BIRY.0000040202.21965.2a
http://dx.doi.org/10.1023/B:BIRY.0000040202.21965.2a
http://dx.doi.org/10.1134/S0006297908030127
http://dx.doi.org/10.1134/S0006297908030127
http://dx.doi.org/10.1134/S0006297908030127
http://dx.doi.org/10.1134/S0006297908030127
http://dx.doi.org/10.1046/j.1365-2427.1996.00121.x
http://dx.doi.org/10.1046/j.1365-2427.1996.00121.x
http://dx.doi.org/10.1046/j.1365-2427.1996.00121.x
http://dx.doi.org/10.1007/BF00610160
http://dx.doi.org/10.1007/BF00610160
http://dx.doi.org/10.1160/th07-11-0693
http://dx.doi.org/10.1160/th07-11-0693
http://dx.doi.org/10.1016/j.jmb.2008.06.034
http://dx.doi.org/10.1016/j.jmb.2008.06.034
http://dx.doi.org/10.1016/j.jmb.2008.06.034
http://dx.doi.org/10.1016/j.jmb.2008.06.034
http://dx.doi.org/10.1007/s00114-011-0859-z
http://dx.doi.org/10.1007/s00114-011-0859-z
http://dx.doi.org/10.1007/s00114-011-0859-z
http://dx.doi.org/10.1007/s10525-005-0154-7
http://dx.doi.org/10.1007/s10525-005-0154-7
http://dx.doi.org/10.1002/ece3.480
http://dx.doi.org/10.1002/ece3.480
http://dx.doi.org/10.1002/ece3.480
http://dx.doi.org/10.1371/journal.pone.0073809
http://dx.doi.org/10.1371/journal.pone.0073809
http://dx.doi.org/10.1371/journal.pone.0073809
http://dx.doi.org/10.1371/journal.pone.0073809
http://dx.doi.org/10.1007/s00438-015-1100-0
http://dx.doi.org/10.1007/s00438-015-1100-0
http://dx.doi.org/10.1007/s00438-015-1100-0
http://dx.doi.org/10.1055/s-2007-999019
http://dx.doi.org/10.1055/s-2007-999019
http://dx.doi.org/10.1055/s-2007-999019
http://dx.doi.org/10.1007/BF00903592
http://dx.doi.org/10.1007/BF00903592
http://dx.doi.org/10.1007/BF00903592
http://dx.doi.org/10.1098/rspb.2007.0248
http://dx.doi.org/10.1098/rspb.2007.0248
http://dx.doi.org/10.1098/rspb.2007.0248
http://dx.doi.org/10.1098/rspb.2007.0248
http://dx.doi.org/10.1160/th03-11-0687
http://dx.doi.org/10.1160/th03-11-0687
http://dx.doi.org/10.1160/th03-11-0687
http://dx.doi.org/10.1111/j.1365-2427.1991.tb01398.x
http://dx.doi.org/10.1111/j.1365-2427.1991.tb01398.x
http://dx.doi.org/10.1016/0300-9629(86)90041-1
http://dx.doi.org/10.1016/0300-9629(86)90041-1
http://dx.doi.org/10.1016/0300-9629(86)90041-1


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.32000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.32000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    34.69606
    34.27087
    34.69606
    34.27087
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    8.50394
    8.50394
    8.50394
    8.50394
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


