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Determining the earliest age at which farmed ﬁsh can be successfully vaccinated is a very important
question for ﬁsh farmers. Nasal vaccines are novel mucosal vaccines that prevent aquatic infectious
diseases of ﬁnﬁsh. The present study investigates the ontogeny of the olfactory organ of rainbow trout by
histology and aims to establish the earliest age for vaccination against infectious hematopoietic necrosis
(IHN) and enteric red mouth (ERM) disease using the nasal route. Rainbow trout (Oncorhynchus mykiss)
were vaccinated intranasally (I.N) at three different ages: 1050 days (DD) (group A); 450 DD (group B);
and 360 DD (group C), or 70, 30 and 24 days post-hatch (dph), respectively. The mean weights of groups
A, B and C were 4.69 g, 2.9 g and 2.37 g, respectively. Fish received either a live attenuated IHN virus
vaccine, ERM formalin killed bacterin or saline (mock vaccinated). Fish were challenged to the corresponding live pathogen 28 days post-vaccination. IHN vaccine delivery at 360 DD resulted in 40%
mortality likely due to residual virulence of the vaccine. No mortality was observed in the ERM nasal
delivery groups. Following challenge, very high protection rates against IHN virus were recorded in all
three age groups with survivals of 95%, 100% and 97.5% in groups A, B and C, respectively. Survival against
ERM was 82.5%, 87.5% and 77.5% in groups A, B and C, respectively. Survival rates did not differ among
ages for either vaccine. Our results indicate the feasibility and effectiveness of nasal vaccination as early
as 360 DD and vaccination-related mortalities when a live attenuated viral vaccine was used in the
youngest ﬁsh.
© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction
Many diseases affect early life stages of ﬁsh so it is important to
determine the earliest age when ﬁsh can be successfully vaccinated
(Ellis, 1988). The earliest time to vaccinate salmonids has been
determined in a number of disease models such as vibriosis, enteric
red mouth disease (ERM) or viral hemorrhagic septicemia (VHS). In
rainbow trout (Oncorhynchus mykiss), cellular immunity is functional and main lymphoid organ development is completed at
~200 days (DD) (Tatner and Manning, 1983). However, mucosal
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immunity develops later (Salinas et al., 2011) than systemic immunity in teleosts. As a consequence, and generally speaking, 0.5 g
(10 weeks post-hatch) at 10  C (¼700 DD) is considered the earliest
time to vaccinate rainbow trout using immersion vaccination
(Tatner and Manning, 1983; Obach, 1991; Ellis, 1988). Currently,
immersion vaccination of young ﬁngerlings is the industry gold
standard for ERM vaccination. On the other hand, injecting vaccines
into small ﬁsh is impractical and often leads to high mortalities due
to the handling. As a result, 1 g is considered the smallest size for
injection vaccination of salmonids whereas 2.5 g is considered the
optimal size to achieve maximum protection for all species
(Johnson et al., 1982; Ellis, 1988).
In ﬁsh, traditional mucosal vaccination strategies include immersion and oral vaccination. Recently, nasal vaccines were added
to this list. Nasal vaccination can be a very effective way to control

106

I. Salinas et al. / Developmental and Comparative Immunology 53 (2015) 105e111

aquatic infectious diseases in ﬁnﬁsh (Tacchi et al., 2014; LaPatra
et al., 2015). The use of this delivery route has been tested in
small trout but age was not controlled in those studies. Nasal
vaccination of young non-aquatic vertebrates such as piglets,
newborn mice, calves and rabbits (Guzman-Bautista et al., 2014;
Sandbulte et al., 2014; Sabirov and Metzger, 2008; Ellis et al.,
2010; Lancaster et al., 1960) is feasible, effective and does not
induce tolerance. In fact, the human nasal vaccine FluMist (LAIV) is
recommended for use in young infants (6e59 months) since it
prevents about 50% more cases than the injected ﬂu vaccine (TIV) at
this age (Carter and Curran, 2011).
We currently lack information regarding the age at which
rainbow trout fry can be vaccinated nasally. The aim of the present
study is to determine the earliest age at which rainbow trout can
effectively be vaccinated using the nasal route. Two different vaccine models are used, a live attenuated viral vaccine and a formalinkilled bacterial vaccine. Our results are coupled with histological
observations of the ontogeny of the trout olfactory organ from
hatch to 1050 DD. Altogether, the present study provides novel
insights into ﬁsh nasal immunity and contributes towards the
implementation of nasal vaccines in rainbow trout aquaculture
facilities.
2. Materials and methods
2.1. Fish
Three hundred speciﬁc-pathogen-free (spf) rainbow trout of
three different ages (1050 days (DD) (group A); 450 DD (Group B);
and 360 DD (group C)), or 70, 30 and 24 days post-hatch (dph),
were obtained from Clear Springs Foods Inc. (Buhl, Idaho). The
mean weight of ﬁsh in group A was 4.69 g; the mean weight of ﬁsh
in group B was 2.9 g whereas in group C was 2.37 g. Fish were
maintained in 378 L tanks that received single-pass spf spring
water at a constant temperature of 14.5  C and a dissolved oxygen
content of 9.2 ppm. Fish were fed twice daily a commercial rainbow
trout diet (Clear Springs Foods, Inc.).
2.2. Vaccination trials and challenge experiments
Vaccination experiments were conducted using two different
vaccine models: an IHN live attenuated viral vaccine (LaPatra et al.,
2004) and an ERM bacterin (Nelson et al., 2015). One hundred ﬁsh
from each age group were vaccinated with each vaccine or saline
using a 10 or 25 ml volume dependent on the size of the ﬁsh.
Duplicate 25-ﬁsh groups from each treatment were challenged
with either IHNV or Yersinia ruckeri at 28 (400 DD) days postimmunization (dpi) and followed for an additional 28 days as
previously described (Tacchi et al., 2014). Kidney, spleen and liver
were collected from rainbow trout that died prior to challenge.
Tissues were weighed and homogenized. The presence of IHNV in
homogenized samples was measured as explained elsewhere
(LaPatra et al., 1989).
2.3. Histology
Whole rainbow trout (N ¼ 5) were sampled every day from
hatching (15 DD) to 600 DD. The heads from these series of samples
were dissected. Additionally, olfactory organs from adult individuals (N ¼ 4) were also collected. All samples were ﬁxed in 10%
neutral buffered formalin overnight and embedded in parafﬁn
following standard histological procedures. Five mm-thick sections
were stained with hematoxylin-eosin and observed under a Zeiss
Axioscope microscope coupled with a digital camera using the
AxioVision software.

2.4. Statistical analysis
To estimate the expected mortality proﬁle of vaccination trials
and challenge experiments in practice, KaplaneMeier survival
curves with pointwise 95% conﬁdence bands were computed and
plotted. To test for differences in the proportion of mortality by
treatment and age for each pathogen in both the vaccination trials
and challenge experiments, the 28-day survival and mortality frequencies were used in Fisher's exact test of conditional independence for two-dimensional contingency tables as implemented in R
version 3.1.2 stats package (R Core Team, 2014) ﬁsher.test() function. Familywise error rate was controlled by the most conservative
Bonferroni correction by multiplying all p-values by the total
number of hypothesis tests performed (16 tests). All test results are
presented in Table 1.
All p-values are shown in Table 1.
3. Results
3.1. Vaccination-related mortalities prior to challenge
The KaplaneMeier survival proﬁles shown in Fig. 1a indicate
increased and earlier mortality only for younger ﬁsh vaccinated
with live attenuated IHN vaccine; total mortalities are shown in
Fig. 1b. No mortalities associated with I.N delivery of ERM vaccine
or saline were observed in any of the age groups that were vaccinated (p-value ¼ 1). Vaccination with the live attenuated IHN
vaccine resulted in mortalities of 4%, 19% and 40% in groups A, B and
C, respectively (Fig. 1b). Furthermore, all age group pairs were
signiﬁcantly different (A vs B p-value ¼ 0.0227, A vs C pvalue ¼ 4.62 E9, and B vs C p-value ¼ 0.0287). This means that
early life stages of rainbow trout are more susceptible to residual
virulence present in the IHNV vaccine than older life stages tested
in this study (p-value ¼ 9.87 E9). Some rainbow trout that died as a
result of nasal IHNV delivery showed typical gross signs of IHN
although no attempts to characterize the histopathology of moribund ﬁsh were performed. IHNV levels were titrated in kidney,
spleen and liver homogenates of 43% (27/63) of the ﬁsh that died.
IHNV was detected in 70% (19/27) of the animals tested. The mean
titers were 6.0  103 plaque forming units (pfu)/g for group A;
1.4  103 pfu/g for group B and 4.9  105 pfu/g for group C.
Table 1
p-Values obtained from the statistical analyses performed in the present. Study.
“Side” indicates mortalities recorded prior to challenge to the live pathogen.
Description

p-Value

Age_ERM_Side
Age_IHNV_Side
Age_Control_Side
TreatmentPairs_C_ERM_A_B
TreatmentPairs_C_ERM_A_C
TreatmentPairs_C_ERM_B_C
TreatmentPairs_C_IHNV_A_B
TreatmentPairs_C_IHNV_A_C
TreatmentPairs_C_IHNV_B_C
TreatmentPairs_C_Control_A_B
TreatmentPairs_C_Control_A_C
TreatmentPairs_C_Control_B_C
TreatmentPairs_A_ERM_Control_Vaccinated
TreatmentPairs_A_IHNV_Control_Vaccinated
TreatmentPairs_B_ERM_Control_Vaccinated
TreatmentPairs_B_IHNV_Control_Vaccinated
TreatmentPairs_C_ERM_Control_Vaccinated
TreatmentPairs_C_IHNV_Control_Vaccinated
Age_ERM_Control
Age_ERM_Vaccinated
Age_IHNV_Control
Age_IHNV_Vaccinated

1
6.15E-10
0.775538147
1
1
1
0.001415719
2.89E-10
0.001796509
0.497487437
1
1
1.41E-09
1.48E-16
8.21E-12
2.53E-18
5.17E-09
1.94E-13
1
0.549087619
0.302214595
0.772112235
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3.2. Challenge-related mortalities

3.3. Protection against ERM challenge

The KaplaneMeier survival proﬁles shown in Fig. 2a and b
indicate in challenge experiments, replicate tanks had similar
mortality proﬁles, therefore ﬁnal mortality frequencies were
combined from replicate tanks; total mortalities are shown in
Fig. 2c.

All three vaccinated groups were signiﬁcantly more protected
than their age-matched mock-vaccinated controls with mean survival of 82.5%; 87.5% and 77.5% in groups A, B and C, respectively
(Fig. 2a). No signiﬁcant effect of age on survival was found in the
vaccinated groups (p-value ¼ 1) (Table 1).

Fig. 1. a) Vaccination trials KaplaneMeier survival curves of the three experimental age groups (A, B and C) following I.N saline (control) or I.N vaccination with either live
attenuated IHN vaccine or ERM vaccine. b) Vaccination trials total mortality at 28 days post-vaccination of the three experimental age groups (A, B and C) following I.N saline
(control) or I.N vaccination with either live attenuated IHN vaccine or ERM vaccine.
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3.4. Protection against IHNV challenge

3.5. Histological studies of NALT development in rainbow trout

All three vaccinated groups were signiﬁcantly more protected
than their age-matched mock-vaccinated controls with mean survival of 95%, 100% and 97.5% in groups A, B and C, respectively
(Fig. 2b). No signiﬁcant effect of age on the percentage survival was
found for the vaccinated groups (p-value ¼ 1) (Table 1).

In an effort to determine when rainbow trout can ﬁrst be
vaccinated via the nasal route we have conducted a developmental
series histological study from newly hatched to 40 days post-hatch
(600 days, DD) and compared them to adult specimens. Newly
hatched larvae (15 DD) already showed open olfactory pits where

Fig. 2. a and b) Challenge experiments KaplaneMeier survival curves of the three experimental age groups (A, B and C) challenged with live IHNV or Y. ruckeri 28 days post
vaccination. c) Challenge experiments total mortality at 28 days post-challenge of the three experimental age groups (A, B and C) following I.N saline (control) or I.N vaccination.
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water is able to circulate. The olfactory organ at this point consisted
of a pair of ﬂat olfactory epithelia with a homogenous morphology
(not shown). At 45 DD the primary invagination is evident forming
a ﬂat olfactory pit (Fig. 3A). Ciliated undifferentiated cells form the
primordial olfactory epithelium. No epithelial folds can be observed
yet. Mucosal goblet cells are present in the epithelium surrounding
the olfactory pit but not within the neuro-olfactory epithelium.
Capillaries are absent in the lamina propria (LP). By 90 DD cell
proliferation is evident with the basal region showing mitotic ﬁgures (Fig. 3B). Flat apical nuclei can be seen and cilia are more
abundant. Neither epithelium folding nor capillary formation is
observed yet. At 195 DD the ﬁrst primordial fold (primary lamella)
start to form (Fig. 3C). The LP is still not very vascularized. The size
and height of the primary fold increases at 240 DD (Fig. 3D). At this
point the sensory and mucosal portions are not distinguishable but
the number of capillaries augments in the LP. At 315 DD (Fig. 3E),
the folds are still primordial but some small invaginations indicative of a second primary fold forming can be observed. Three days
later, at 360 DD (Fig. 3F), the olfactory organ presents two primary
folds, one clearly much larger than the other. At this point myeloid
cells were observed in the LP. Importantly, at 450 DD (Fig. 3G) the
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ﬁrst mucosal regions within the olfactory epithelium appear. Most
of the goblet cells are located at the valleys of the primary fold. By
555 DD (Fig. 3H) three primary folds are visible and the number of
goblet cells in the valley of the folds has increased. In adult ﬁsh
(Fig. 3I), however, there is a greater number and complexity of the
olfactory organ with clear secondary fold formation in each of the
primary folds including apical mucosal epithelial areas. Due to the
important histological changes observed around 360 and 450 DD,
we selected these time points for the vaccination trials.
4. Discussion
Fish vaccination is one of the most effective ways to control
infectious aquatic diseases. Vaccines against viral and bacterial
diseases are commonly administered to farmed ﬁsh worldwide. Of
particular interest is the vaccination of young life stages of ﬁsh due
to their high susceptibility to pathogens. The recommended
vaccination route at this early life stages depends on the type of
vaccine and disease. For instance, ERM vaccines are routinely
delivered by immersion whereas IHNV vaccines are not effective via
the immersion route and therefore injection is preferred. Yet,

Fig. 3. Histological study (hematoxylin and eosin stains) of the development of the olfactory organ of rainbow trout. A) Olfactory organ of a 44 DD old rainbow trout. B) Olfactory
organ of a 90 DD old rainbow trout. C) Olfactory organ of a 195 DD old rainbow trout. D) Olfactory organ of a 240 DD old rainbow trout. E) Olfactory organ of a 315 DD old rainbow
trout. F) Olfactory organ of a 360 DD old rainbow trout. G) Olfactory organ of a 450 DD old rainbow trout. H) Olfactory organ of a 555 DD old rainbow trout. I) Olfactory organ of an
adult rainbow trout. NC: nasal cavity; OE: olfactory epithelium; LP: lamina propria; SF: secondary folds. Black arrows indicate primary folds. Red arrows indicate blood vessels.
Green arrowheads indicate mucosal epithelium regions. Scale bar: 50 mm. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web
version of this article.)
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recommendation guidelines pertaining the earliest time to vaccinate exist for a limited number of vaccines only and are usually
limited to the immersion or injection routes.
Young rainbow trout become immunocompetent on the basis of
lymphoid organ development and cellular immunity approximately at 14 dph (196 DD) (Tatner and Manning, 1983). Young
rainbow trout ﬁngerlings are usually vaccinated when they are 1 g
in body weight for maximum protection (Ellis, 1988) but the
number of available studies is scarce in models other than vibriosis
and ERM. Additionally, guidelines for alternative routes of vaccination such as intranasal delivery are not available.
Nasal vaccination of young children as well as newborn mice,
piglets, calves and chickens (Guzman-Bautista et al., 2014;
Sandbulte et al., 2014; Sabirov and Metzger, 2008; Ellis et al.,
2010; Lancaster et al., 1960) has been performed successfully.
Interestingly, the power of diffuse NALT to induce effective immunity following nasal vaccination in the absence of organized
NALT was unequivocally demonstrated in newborn mice whose
organized NALT had been surgically removed (Sabirov and Metzger,
2008). Recently, we characterized teleost NALT, which consists of
diffuse NALT only lacking organized lymphoid structures such as
tonsils or adenoids (Tacchi et al., 2014).
The discovery of nasal immunity in teleosts prompted the ﬁrst
studies concerning nasal vaccines for use in aquaculture (Tacchi
et al., 2014; LaPatra et al., 2015). Both ERM and IHNV vaccines are
very effective when delivered intranasally to approximately 5 g
rainbow trout. In this study, we sought to determine the earliest
time that nasal vaccines can be delivered to young rainbow trout
using the intranasal route. It is worth highlighting that the present
study was not aimed to compare nasal vaccination with other
routes of vaccination but rather establish the earliest time at which
nasal vaccines are both effective and feasible for delivery to young
rainbow trout. We selected three different ages for our study: 1050
DD, 450 DD and 360 DD; which included ﬁsh of 4.69 g; 2.9 g and
2.37 g mean weight, respectively. The largest ﬁsh group was used as
a tentative positive control based on our previous studies (LaPatra e
al., 2015; Tacchi et al., 2014). The other two earlier life stages were
selected based on the ﬁndings from our histological results.
The olfactory organ is the ﬁrst chemosensory system to develop
in ﬁsh, preceding the appearance of solitary chemosensory cells
(Kotrschal et al., 1997) and taste (Hansen et al., 2002). Our histological study is in agreement with previous ontogenic descriptions
of teleost olfactory organs (Evans et al., 1982; Hansen and Zeiske,
1998; Hansen and Zielinski, 2005; Zielinski and Hara, 1988;
Zielinski and Toshiaki, 1988). Generally speaking, differentiation
of mucosal versus sensory areas, increasing numbers of primary
folds and appearance of secondary folds take place as rainbow trout
increase in size/age (Pfeiffer, 1963; Olsen, 1993). We found that the
mucosal and sensory portions of the olfactory epithelium formed at
approximately 450 DD. This is in agreement with previous studies
that combined light and electron microscopy to describe the
development of the olfactory organ of salmonids (Kudo et al.,
2009). However, younger trout (360 DD ¼ 24 dph), whose olfactory epithelium did not show mucosal portions yet, were also
successfully vaccinated via the nose using both vaccine models
(albeit the losses recorded for the IHNV vaccine). Interestingly,
rainbow trout vaccinated by intraperitoneal injection or immersion
against coldwater disease using a heat-inactivated vaccine were not
protected if the vaccine was delivered at 30 or 40 dph (Obach and
Laurencin, 1991). Future studies should address the expression of
immune markers in NALT in order to better resolve the onset of
nasal immunity in trout larvae.
Vaccination of early developmental stages can result in the induction of tolerance if the antigen is delivered prior to the onset of a
fully functional immune system. For instance, in teleosts, early

vaccination of seabream with a vaccine against vibriosis can result
in tolerance issues (Mulero et al., 2008). Other examples include
early studies in carp (Mughal et al., 1986). Based on our results,
delivery of nasal vaccines to early life stages of rainbow trout does
not affect the efﬁcacy of the vaccine. Even if the youngest aged ﬁsh
tested in this study suffered from some mortality when vaccinated
with IHNV, vaccinated ﬁsh that lived and were challenged 28 days
later were all protected against IHN.
Live attenuated vaccines elicit the strongest immune responses
and are amongst the most efﬁcacious vaccines available. Live
attenuated vaccines rely on the effective clearance of the live
microorganism by the host's immune system. Thus, there are some
risks associated with this type of vaccines, which are not recommended for use in immunocompromised hosts or hosts that lack a
fully functional immune system (Medical Advisory Committee of
the Immune Deﬁciency Foundation et al., 2014). Our results
strongly support the idea that the immune system of 360 DD-old
rainbow trout failed to clear IHNV at a fast enough rate leading to
greater IHNV titers in tissues and mortality. The fact that no losses
were observed in the same age ﬁsh following ERM delivery further
supports the idea that live attenuated vaccines are not safe in
immunocompromised hosts.
5. Conclusions
In conclusion, the present study shows that ERM nasal vaccines
are very effective in early rainbow trout life stages as young as 360
DD (24 dph). Whereas live attenuated IHNV vaccine caused signiﬁcant mortalities, formalin killed bacterins such as ERM appear to
be completely safe. Importantly, no tolerance was induced suggesting the presence of a functional autologous NALT in trout as
early as 360 DD. Our current nasal delivery protocol is still timeconsuming and not practical if millions of ﬁngerlings need to be
vaccinated. Future efforts should be directed towards the comparison of nasal and immersion routes in small ﬁngerlings in order to
assess the cost-beneﬁts of each strategy. Finally, the design of mass
vaccination methods that can deliver vaccines nasally to salmonid
ﬁngerlings would signiﬁcantly increase the commercial application
of nasal vaccines in aquaculture.
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