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The global amphibian biodiversity crisis is driven by disease, habitat destruction and drastically altered ecosystems. It has given 
rise to an unprecedented need to understand the link between rapidly changing environments, immunocompetence and wild-
life health (the nascent field of ecoimmunology). Increasing our knowledge of the ecoimmunology of amphibians necessitates 
the development of reliable, field-applicable methods of assessing immunocompetence in non-model species. The phytohae-
magglutinin (PHA) inflammation assay uses a lectin to elicit localized inflammation that reflects an organism’s capacity to 
mount an immune response. Although extensively used in birds to assess responses to environmental change, stress and dis-
ease, its application in amphibians has been extremely limited. We developed, validated and optimized a practical and effective 
phytohaemagglutinin inflammation assay in phylogenetically distant amphibians and demonstrated its suitability for use in a 
wide range of ecoimmunological studies. The protocol was effective for all species tested and worked equally well for both 
sexes and for adult and sub-adult animals. We determined that using set-force-measuring instruments resulted in a ‘compres-
sion effect’ that countered the inflammatory response, reinforcing the need for internal controls. We developed a novel method 
to determine peak response times more accurately and thereby improve assay sensitivity. Histological validation demonstrated 
considerable interspecies variation in the robustness of amphibian immune defences. Importantly, we applied the assay to a 
real-world scenario of varying environmental conditions and proved that the assay effectively detected differences in immune 
fitness between groups of animals exposed to ecologically meaningful levels of density stress. This provided strong evidence 
that one cost of metamorphic plasticity responses by tadpoles to increasing density is a reduction in post-metamorphic immune 
fitness and that metamorphosis does not prevent phenotypic carry-over of larval stress to the adult phenotype. This assay pro-
vides an effective tool for understanding the role of global environmental change in the amphibian extinction crisis.
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Introduction
Recent, resurgent interest in the effects of environmental stress 
on organisms has been precipitated by the broader biodiversity 
crisis, which has its roots in anthropogenically driven global 

environmental change. Global environmental change has been 
associated with rapid adjustments to environments through 
threatening processes, such as habitat destruction, invasive spe-
cies, emerging infectious diseases and climate change (Reich 
et  al., 2012; Pauls et  al., 2013; Sutherland et  al., 2013). 



Amphibians, in particular, have been heavily impacted by 
global environmental change, with disease and habitat loss 
(among other threatening processes) manifesting as a global 
amphibian extinction crisis—the worst of any vertebrate 
class—that has resulted in 50% of the world’s amphibian spe-
cies experiencing decline, with one-third thought to be cur-
rently at risk of extinction (Wake, 1991; Houlahan et al., 2000; 
Stuart et al., 2004; Bishop et al., 2012). Environmental stressors 
have a multitude of effects on organismal growth, development, 
fitness and the immune system. Thus, the link between environ-
ment, immunocompetence and organismal health has received 
increasing attention in the fields of ecology and conservation, 
sparking rapid growth in the newly emerged field of ecoimmu-
nology (Ros et al., 1997; Saino et al., 1997; Zuk and Johnsen, 
1998; Acevedo-Whitehouse and Duffus, 2009; Rollins-Smith 
and Woodhams, 2012; Pigeon et al., 2013).

Knowledge of ecoimmunology is advancing rapidly in the 
endotherms; however, knowledge in ectothermic groups, includ-
ing amphibians, is less well advanced, due in part to the limited 
number of tools available for assessing immunocompetence, 
particularly in non-model species (Rollins-Smith and 
Woodhams, 2012). One applicable tool traditionally used in 
birds and mammals is the delayed-type hypersensitivity (DTH) 
assay, which uses a lectin (a carbohydrate-binding protein) to 
elicit localized inflammation that reflects an organism’s ability to 
mount a dynamic innate and adaptive immune response (Goto 
et  al., 1978; Kean and Lamont, 1994; Smits et  al., 1999; 
Kennedy and Nager, 2006; Allen et al., 2009; Vinkler et al., 
2010). The most widely used lectin for this purpose is phytohae-
magglutinin (PHA; derived from the red kidney bean Phaseolus 
vulgaris), originally used in ecoimmunological studies on birds 
(McCorkle et al., 1982; Smits et al., 1999; Grasman, 2002; 
Martin et al., 2006; Tella et al., 2008). Subcutaneous injection of 
PHA can result in the influx of neutrophils, eosinophils and 
macrophages associated with innate immune responses, as well 
as lymphocytes linked to adaptive cell-mediated immunity 
(Kennedy and Nager, 2006; Tella et al., 2008; Biard et al., 2009; 
Vinkler et al., 2010; Brown et al., 2011). By quantifying the level 
of inflammation that occurs at the site of the PHA injection (for 
example, by measuring the skin thickness before and after injec-
tion) it is possible to quantify the relative immunocompetence of 
an individual, with a greater swelling response indicating a 
greater level of immune fitness (Kennedy and Nager, 2006).

Nevertheless, few studies report the use of the PHA assay in 
amphibians (Gilbertson et al., 2003; Gervasi and Foufopoulos, 
2008; Venesky et al., 2012; Fites et al., 2014), and only one 
study has examined the nature of the inflammatory response 
histologically (Brown et al., 2011). In the cane toad, Rhinella 
marina, Brown et al. (2011) demonstrated that PHA injection 
into the toe webbing, which is particularly prominent and thick 
in this species, stimulated inflammation associated with the infil-
tration of leucocytes. However, many species of amphibians 
have either no toe webbing or webbing that is not large or thick 
enough to enable intra-dermal injection, making the application 
of the assay by that method impractical. Indeed, the chosen site 
for PHA injection has varied in all studies of post-metamorphic 

amphibians to date, and none is applicable to all species 
(Gilbertson et al., 2003; Gervasi and Foufopoulos, 2008; Brown 
et al., 2011; Fites et al., 2014). Furthermore, the inflammatory 
response to the PHA assay has been found to vary widely 
between bird species, and there is no reason to expect the situa-
tion to be different for amphibians. Indeed, small swelling 
responses to primary subcutaneous PHA injection in Xenopus 
laevis prompted Fites et al. (2014) to develop a method in which 
a secondary intramuscular injection of PHA into the footpad 
followed intraperitoneal PHA priming in an effort to increase 
the inflammatory response. Thus, it is important to validate the 
assay more broadly and to develop a consensus method that 
optimizes the swelling response and is both practical and appli-
cable to amphibians across diverse taxa and geographies. In 
addition, whilst the PHA assay has been applied separately to 
tadpoles, metamorphs and adults in a limited number of 
amphibian species, there has been no comparative assessment of 
the PHA-induced inflammation between amphibian sexes or for 
sub-adults and adults. Such comparisons are important if the 
assay is to avoid confounding effects when assessing the ecoim-
munological status within and across populations. Alternative 
lectins to PHA that are sometimes used in birds, such as con-
canavalin A (Con A; derived from the jack bean Canavalia ensi-
formis; Grasman, 2002), have not been assessed for their 
effectiveness or potential to elicit stronger responses in amphib-
ians, which might assist researchers and managers in the field to 
obtain statistically significant data using fewer animals. 
Importantly, to date there has been no systematic application of 
the assay to assess its efficacy in reflecting ecologically meaning-
ful levels of environmental stress in amphibians.

We aimed to validate the PHA assay across phylogenetically 
distant amphibian species and to develop an optimal method of 
delivery and response measurement that would be both easy to 
use and widely applicable for amphibians of all sizes. We com-
pared responses between sexes and validated the assay for both 
adults and juveniles in four species from two families separated 
by >100 million years of evolutionary history. We used histology 
to elucidate differences in the nature and magnitude of the swell-
ing response to PHA injection between species and assessed the 
efficacy of the assay in the presence of ecologically meaningful 
levels of environmental stress by raising tadpoles at different 
densities and applying the assay post-metamorphosis. This also 
provided a rare insight into the effects of stress-related pheno-
typic carry-over in an endangered model amphibian. We tested 
a second lectin (Con A) and compared its effectiveness against 
PHA. Finally, we found that the standard approach used for 
assessing PHA assays was inadequate for determining peak 
response times in amphibians and developed a novel method to 
determine time to peak response more accurately.

Materials and methods
Sources of animals and captive husbandry
Four species of anuran amphibians from two families native 
to Australia were used for the various validation experiments, 
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including two tree frogs of the family Hylidae (green and 
golden bell frog, Litoria aurea, and whirring tree frog, Litoria 
revelata) and two ground frogs of the family Limnodynastidae 
(striped marsh frog, Limnodynastes peronii, and spotted 
grass frog, Limnodynastes tasmaniensis). The two lineages are 
separated by ∼135 million years of evolution (Irisarri et al., 
2012; Zhang et al., 2013).

Individuals of L. revelata, Lim. peronii and Lim. tasmanien-
sis were collected from the wild, with L. revelata and Lim. pero-
nii collected from a pond in the Watagan Mountains 
(−33.02584°S, 151.37846°E) and Lim. tasmaniensis collected 
from a pond on Kooragang Island (−32.87235°S, 151.74588°E), 
New South Wales, Australia. All three species were collected as 
reproductively mature individuals of both sexes and were trans-
ported to the laboratory at the University of Newcastle, where 
they were housed in groups of 15 in large plastic tubs (approxi-
mately 42 cm × 64 cm × 40 cm) lined with leaf litter until they 
were used in experiments. Access to water and food (brown 
crickets, Acheta domestica) was provided ad libitum, and envi-
ronmental conditions (temperature and day length) were partly 
regulated by air-conditioning and fluorescent lighting in a facil-
ity that received partial lighting through external glass windows. 
Ambient temperatures varied between 16 and 28°C; light–dark 
cycle was approximately 12 h light–12 h dark.

Litoria aurea were raised from tadpoles that were bred at 
the University of Newcastle in dedicated breeding facilities. 
These were housed in groups of 10 tadpoles in plastic trays 
(approximately 24 cm × 40 cm × 15 cm; each filled with 10 l of 
water) and fed a mixture of powdered spirulina (Bioglan; 
Chemist Warehouse, Australia) and trout pellets (Ridley Aqua-
feed; Ridley AgriProducts Pty Ltd, Narangba, Queensland, 
Australia) until metamorphosis, whereby they were transferred 
to plastic tubs in groups of 15 and fed crickets ad libitum until 
experimentation. Litoria aurea were used at the juvenile stage 
to examine the efficacy of the assay on sub-adult animals. All 
L. aurea juveniles were between 10 and 12 weeks post-meta-
morphosis at the time of experimentation, which is long enough 
after metamorphosis to ensure that the animals had developed 
their adult-type immune system and to ensure that there was no 
interference from temporarily elevated corticosterone levels 
that occur during metamorphic climax (Gancedo et al., 1992; 
Rollins-Smith, 1998, 2001; Denver et al., 2002; Denver, 2009).

Research described in this manuscript was undertaken follow-
ing approval by University of Newcastle Animal Care and Ethics 
Committee, which adheres to the NSW Animal Research Act, 
NSW Animal Research Regulation and the Australian Code of 
Practice for the Care and Use of Animals for Scientific Purposes 
(approval number A-2009-151). Animals were collected under 
permit from the NSW National Parks and Wildlife Service.

Standard experimental approach for 
 validation of phytohaemagglutinin assays
Animals were housed individually during experiments in 
small plastic aquaria (20 cm × 12.5 cm × 13 cm) with a gravel 
substrate and a small amount of water for hydration.

Phytohaemagglutinin assays involved a subcutaneous 
(lymph sac) injection of the lectin [40 µg delivered in 40 µl of 
sterile phosphate-buffered saline (PBS)] into the anterior lat-
eral surface of the lower leg just below the knee (Fig. 1A) in 
one leg, and a control injection (40 µl PBS) into the same posi-
tion on the contralateral leg (thereby constituting an internal 
control for each individual). Legs were allocated randomly for 
injection with the lectin or control solution. The location of the 
injection site was established in preliminary trials prior to 
experiments with lectins (data not shown). Injections were 
made with a 0.3 ml, 31 gauge insulin syringe. Leg thickness 
was measured at the site of injection using a custom-made 
0.4 N set-force dial micrometer (Peacock model G-1A dial 
thickness gauge with 0.4 N gauging force, accurate to 
0.01 mm; Ozaki Manufacturing Ltd, Tokyo, Japan; Fig. 1B) 
before injections were carried out and at set time periods post-
injection. The set-force micrometer was held in position for 
∼2 s to allow the dial to stabilize before the measurement was 
read. Typically, measurements were made at 0 h (prior to injec-
tion) and at 6, 12, 24, 48 and 72 h post-injection in triplicate 
for ‘standard’ validation experiments (dubbed the ‘24 h’ 
regime), following standard validation protocols (Martin 
et al., 2006; Brown et al., 2011).

Specific experimental protocols
Experiment 1: quantification of the 
‘compression effect’

From trials prior to experiments with lectins, it was deter-
mined that set-force-measuring devices, such as the one used 
in the present experiments and commonly used for PHA 
assays in general, have the potential for a compression effect 
over time whereby the leg being measured becomes margin-
ally thinner with repeated measurements because of an effect 
of the pressure from the measuring device. This has the 
potential to oppose the inflammatory response; therefore, 
the compression effect was quantified in one species, 
L. aurea, by measuring leg thickness over time without any 
injections (n = 10), as well as a comparison of no injection in 
one leg against a control injection of 40 µl of PBS in the con-
tralateral leg to test whether the act of injecting a substance 
alone exacerbated or negated the observed compression 
effect (n = 5).
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Figure 1: Photographs of the injection/measuring location (A; frog in 
photograph is Limnodynastes peronii) and set-force dial callipers used 
for measuring leg thickness (B; frog in photograph is Litoria revelata).



Experiment 2: validation of the  
phytohaemagglutinin assay
Assessment of inflammatory responses between species, life stages 
and sexes. The PHA assay was assessed and compared in 
juvenile L. aurea (n = 25) and in males of the three remaining 
species (L. revelata, n = 15; Lim. peronii, n = 17; and Lim. 
tasmaniensis, n = 8). Comparisons were also made between 
the sexes of two species; Lim. peronii (n = 17 males and n = 8 
females) and Lim. tasmaniensis (n = 8 males and n = 6 
females). Phytohaemagglutinin was purchased in lyophilized 
form (Sigma catalogue no. L8754) and made into an injectable 
solution by diluting into sterile PBS. To establish the true 
response curves over time due to PHA injection, the average 
measurements of leg thickness from the internal control (PBS-
injected) leg were subtracted from those of the PHA-injected 
leg to account for the ‘compression effect’ (data from both the 
raw leg measurements and the corrected curves are presented). 
All analyses of changes in leg thickness over time due to the 
PHA injection were carried out using the corrected curves (i.e. 
PBS leg subtracted from the PHA leg). Dose effects were tested 
for in all species using three morphometric measurements 
(snout–vent length, head width and right tibial length) as well 
as body weight. All body size metrics were recorded immediately 
before experimentation using plastic dial callipers (accurate to 
0.1 mm) and Pesola balances appropriate to weight.

Validation of the assay using histological analysis. To validate the 
assay (linking inflammation to immune cell infiltration) and 
assess the nature of the PHA-induced swelling response across 
species, the lower legs of 10 L. aurea (tree frog model) and six 
Lim. peronii (ground frog model) were injected with PHA or 
PBS as described above. Measurements of leg thickness were 
made at 0 and at 24 h post-injection, and the animals were 
killed by cardiac excision after MS-222 anaesthesia. The 
injected lower limbs were dissected prior to overnight fixation 
in Bouin’s fixative, followed by standard histological 
processing for paraffin embedding, including orientation for 
injection site with Tissue Marking Dye Blue (Fronine Pty Ltd), 
sectioning (5 µm) and staining with Haematoxylin and Eosin. 
Sections from a subset of animals (L. aurea, n = 6; and Lim. 
peronii, n = 3) were examined for signs of inflammation, 
including oedema, fibrosis, vasodilatation and leucocyte 
infiltration, using light microscopy. Blood vessels and 
leucocytes (including lymphocytes, neutrophils, macrophages, 
eosinophils and basophils; Cannon et al., 1986) in the lymph 
sac, and connective tissue (including epimesium, perimysium 
and endomysium) were counted in five randomly selected 
fields of view along the border of the dermis, lymph sac and 
adjacent skeletal muscle on the injected side of the leg at ×400 
magnification.

Experiment 3: optimization of the method 
for determining ‘peak response’

While the standard method of validation for PHA assays used 
in birds (and described above; see ‘Standard experimental 
approach for validation of phytohaemagglutinin assays’) is con-

sidered suitable for determining whether a reaction to PHA 
occurs, we found it unsuitable for accurately determining peak 
response in frogs because of the large time gap between points 
of measurement after 24 h. As such, we tested a novel valida-
tion method in two species (L. aurea, n = 10; and Lim. peronii, 
n = 12) whereby we measured leg thickness immediately prior 
to injection (at 0 h) and then once every 4 h until 72 h post-
injection, rather than in triplicate at 6, 12, 24, 48 and 72 h post-
injection. We then used a curve-smoothing approach (see ‘Data 
analyses’ below) to produce a more refined curve and more 
accurately predict where in the 72 h experimental period the 
peak response occurred. The rationale behind the modified 
method of data collection and analysis was that we did not 
want to increase the number of measurements that occurred for 
each frog over the 72 h period because of the possibility of an 
increased compression effect (both methods involve 18 mea-
surements of leg thickness in the 72 h period), and by increasing 
the frequency of data collection we were able to determine the 
level of variability in the measurements without measuring each 
time point in triplicate (using generalized additive mixed-effects 
models, described below; see ‘Data analyses’). We dubbed this 
modified method the ‘4 h’ regime (as opposed to the ‘24 h’ 
regime described above; see ‘Standard experimental approach 
for validation of phytohaemagglutinin assays’).

Experiment 4: comparison of the effectiveness 
of phytohaemagglutinin and concanavalin A

A second lectin used for DTH assays in birds (Grasman, 
2002), Con A (Sigma catalogue no. C7275), was validated on 
two species of frog (L. aurea, n = 13; and Lim. peronii, n = 6) 
and compared with the effectiveness of the PHA assay for 
each species. This was carried out using a randomized, within-
individual, paired design whereby the efficacies of the two 
assays were compared directly to one another by injecting 
40 µg PHA into one leg and 40 µg Con A (both delivered in 
40 µl of sterile PBS) into the contralateral leg of each individ-
ual tested. The two assays were compared in L. aurea using 
the ‘24 h’ regime and in Lim. peronii using the ‘4 h’ regime.

Experiment 5: experimental validation of the efficacy 
of the phytohaemagglutinin assay: comparing 
responses in stressed and non-stressed individuals

The efficacy of the PHA assay was assessed in one species 
(L. aurea) by rearing tadpoles in conditions of low (1 tadpole 
l−1) or high tadpole density (4 tadpoles l−1) and applying the 
assay post-metamorphosis. Density-dependent effects have been 
shown to occur in tadpoles of L. aurea, with increasing density 
leading to increased mortality and decreased weight at meta-
morphosis (Browne et al., 2003). All tadpoles were from a 
single clutch and were housed in trays approximately 
24 cm × 40 cm × 15 cm containing 10 l of water as described 
above (see ‘Sources of animals and captive husbandry’). Low-
density treatments contained 10 tadpoles per tray (1 tadpole l−1), 
whereas high-density treatments contained 40 tadpoles per tray 
(4 tadpoles l−1). Tadpoles in both treatments were fed a mixture 
of one part powdered spirulina to three parts ground trout pellets 
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(30 mg per tadpole per day) and were exposed to the same light 
and temperature conditions as described above (see ‘Sources of 
animals and captive husbandry’). Upon metamorphosis (defined 
as Gosner stage 42, reached when the front limbs emerge; 
Gosner, 1960), metamorphs were weighed and total length mea-
sured, and their interval to metamorphosis was recorded to 
assess whether there were any plastic effects on the phenotype. 
Such effects are an indication that the levels of environmental 
‘stress’ to which tadpoles were exposed were ecologically mean-
ingful. Metamorphs were then transferred to plastic tubs in 
groups of 15 (within their respective tadpole treatments) and fed 
crickets ad libitum until 10–12 weeks post-metamorphosis, at 
which time they were subjected to the PHA assay as described 
above (see ‘Standard experimental approach for validation of 
phytohaemagglutinin assays’).

Data analyses
Linear mixed models were performed in SAS with either one 
factor (time) for single treatment effects, or two factors (time 
and treatment) for the various PHA experiments that used the 
‘24 h’ regime. The correlations between repeated time mea-
surements were modelled using a residual covariance struc-
ture. Several structures were examined to test for non-constant 
variance and varying correlation over time, and the Akaike 
information criterion was used to pick the most appropriate 
structure, which was compound symmetry in all cases.

Using the fitted model, post-hoc Student’s one-sample and 
two-sample t-tests were used to determine the significance of 
differences with no adjustments or multiple comparisons. To 
determine when leg thickness first deviated significantly from 
time 0 h, one-sample tests were used to determine whether the 
mean of the differences had deviated significantly from time 
0 h. The maximal swelling response (i.e. ‘peak response’) was 
determined when no statistically significant further increase in 
leg thickness was observed using two-sample tests to deter-
mine differences of least-squares means. This approach was 
also used to determine when the swelling began to subside 
significantly from one time point to the next (if this occurred 
at all within the 72 h period).

For the ‘4 h’ regime, generalized additive mixed-effects 
models were performed in R (mgcv library), using the normal 
distribution and frog as a random effect. Cubic regression 
splines were used to fit a smoothed estimate of the relation-
ship between change and time.

To test for differences between time interval to, and size at, 
metamorphosis between low- and high-density tadpole treat-
ments, generalized linear mixed models were performed in SAS 
using the glimmix procedure, with fixed effects for tadpole den-
sity and a random effect for tadpole tray to account for vari-
ability between trays. Differences in inflammatory response to 
the PHA assay between the tadpole treatments were assessed 
at 24 and 48 h post-injection, because the peak response to the 
assay in L. aurea was shown to occur between these times (see 
Results below). These data were analysed using linear mixed 
models performed in SAS as described above.

To test for differences in leucocyte numbers between PHA- 
and PBS-injected legs, we fitted a generalized linear mixed 
model for the difference between treatments for each cell type 
and species combination with a Poisson distribution and log 
link function and with random effect terms for subject differ-
ences and replicated field of view differences. The model 
would not converge with either of the random effects, indicat-
ing that the variation due to these sources was not significant. 
Therefore, a generalized linear model for the difference 
between treatments (PHA vs. PBS) for each cell type and spe-
cies combination was used, with a Poisson distribution and 
log link function. Due to very low cell counts in either PHA- 
or PBS-injected legs for basophils (total counts for all animals 
combined: n = 3 vs. n = 0), these cell types were excluded from 
analyses.

Results
Experiment 1: quantification of the  
‘compression effect’
There was a rapid compression effect over time for L. aurea, 
which resulted in a decrease in leg thickness of up to 6.5% 
(n = 10, F4,86 = 3.95, P < 0.005; Fig. 2A). The majority of this 
effect took place within the first 6 h post-injection (following 
the first round of measurements), although there was some 
variability to this (Fig. 2A and B). The act of injecting a con-
trol substance (PBS) alone did not alter the ‘compression’ 
effect, with no difference in leg thickness over time observed 
between legs that were not injected and legs that were injected 
with a PBS control (n = 5, F1,45 = 0.73, P = 0.39; Fig. 2B).

Experiment 2: validation of the  
phytohaemagglutinin assay
Assessment of inflammatory responses

Phytohaemagglutinin caused visible inflammation (Fig. 3) and 
a significant increase in leg thickness over time for all species 
tested (Table 1 and Fig. 4). There were, however, differences 
between the species in terms of the speed at which they devi-
ated in leg thickness from time 0 h, the time taken to reach 
peak response and the magnitude of the effect (F3,273 = 19.26, 
P < 0.001; Figs 4E–H and 5).

Significant inflammation in the legs of the two tree frogs 
(L. aurea and L. revelata) was not detected until at least 12 h 
after PHA injection, with significant swelling at 12 h post-
injection in L. aurea (t1,45.8 = 2.65, P = 0.011) and at 24 h in 
L. revelata (t1,16.5 = 2.73, P = 0.015; Fig. 4E and F). There was 
a further increase in leg thickness between 12 and 24 h post-
injection in L. aurea (t1,82.6 = 4.52, P < 0.001; Fig. 4E). Both 
tree frogs reached peak response by 24 h post-injection, which 
was a maximum of 7.64% increase in leg thickness for 
L. aurea and 4.41% for L. revelata (both observed at 48 h 
post-injection). Only L. aurea experienced a significant 
decrease in leg thickness after the peak response, decreasing to 
5.63% by 72 h post-injection (t1,81.4 = 2.02, P = 0.047).
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In the two ground frogs (Lim. peronii and Lim. tasmanien-
sis), inflammation occurred more rapidly, with the PHA-
injected leg thickness increasing in both species by 6 h 
post-injection (t1,30.7 = 2.42, P = 0.022 and t1,35 = 2.1, 
P = 0.043, respectively). Both species displayed a further 
increase in leg thickness from 6 to 12 h post-injection 
(t1,28 = 2.07, P = 0.048 and t1,28 = 2.55, P = 0.017, respec-
tively), at which point no further significant increases or 
decreases in leg thickness were observed. The maximal 
increase in leg thickness was 12.23% for Lim. peronii 
(observed at 48 h post-injection) and 7.50% for Lim. tas-
maniensis (observed at 24 h post-injection). Neither species 
experienced a significant decrease in leg thickness after the 
peak response within the 72 h time frame.

There were no sex-related differences in the swelling response 
to PHA for either of the two species tested (F1,23.1 = 0.22, 
P = 0.64 for Lim. peronii and F1,12 = 0.11, P = 0.74 for Lim. tas-
maniensis; Fig. 6). No dose effects were found for any of the 
body size metrics measured (snout–vent length, weight, head 
width or right tibial length) for any of the four species.

Histological analysis

Subcutaneous injection of PHA into the lymph sac of the 
anterior lateral surface of the lower leg of Lim. peronii 
resulted in significant inflammation compared with PBS 
injections after 24 h (mean = 30.2% ± SEM 7.9%; n = 6). In 
the lymph sac of PHA-injected legs, fibrosis and leucocyte 
infiltration, especially of lymphocytes, neutrophils, macro-
phages and a small number of eosinophils, was evident in 
two of three animals (Fig. 7A and B). Increased extravascu-
lar leucocyte infiltration of the connective tissue underlying 
the stratum compactum of the dermis was evident in all ani-
mals (Fig. 7A and B). Leucocyte infiltration of the epimesium 
surrounding the muscle was evident in all animals (Fig. 7A 
and B). Significant vasodilatation, oedema, fibrosis and leu-
cocyte infiltration (lymphocytes, neutrophils and macro-
phages) of the perimesium and endomesium was present in 
two of three animals, and in these animals leucocyte infiltra-
tion and degeneration of some muscle fibres was also evi-
dent. Cell counts were significantly higher in PHA-injected 
legs than in PBS-injected legs for all leucocytes analysed 
(Table 2 and Fig. 8A).

Inflammation-associated increases in leg thickness were 
lower in L. aurea (mean = 3.9% ± SEM 1.4%; n = 10) than in 
Lim. peronii. No leucocyte infiltration of the lymph sac was 
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Figure 3: Photograph of Lim. peronii showing visible inflammation in 
the phytohaemagglutinin (PHA)-injected leg (left-hand side) vs. the 
PBS-injected leg (right-hand side). Arrow indicates general region of 
swelling.

Table 1: Summary of the statistical output for the effect of 
phytohaemagglutinin injections on the change in leg thickness 
for all four species over time

Species n d.f. F-value P-value

Litoria aurea 25 4, 82 20.03 <0.001

Litoria revelata 15 4, 56 12.54 <0.001

Limnodynastes peronii 17 4, 54 9.21 <0.001

Limnodynastes tasmaniensis 8 4, 82 6.33 <0.001

Abbreviations: d.f., degrees of freedom; n, number of animals tested.

Figure 2: Changes in leg thickness of Litoria aurea over time because of the ‘compression effect’. (A) Legs were measured without injection 
(n = 10). (B) Legs were measured either without injection or following a phosphate-buffered saline (PBS) control injection (n = 5). Changes in leg 
thickness are expressed as the percentage difference from time 0 h. Error bars represent ±1 SEM.



evident in L. aurea (Fig. 7C and D). A limited increase in 
extravascular leucocyte infiltration of the connective tissue 
underlying the stratum compactum of the dermis and the epi-

mesium was evident in all animals (Fig.  7C and D). 
Vasodilatation and oedema were evident to varying degrees in 
all animals. Modest extravascular leucocyte infiltration within 
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Figure 4: Changes in leg thickness for all four species tested over time following injections of PHA and PBS. (A–D) These graphs show the 
change in leg thickness over time for the PHA- and PBS-injected legs independently. (E–H) These graphs show the adjusted curves whereby the 
change in leg thickness for the PBS-injected leg was subtracted from the change in leg thickness for the PHA-injected leg at each time point. 
Changes in leg thickness are expressed as the percentage difference from time 0 h. Error bars represent ±1 SEM.



the perimesium and endomesium (predominantly neutrophils, 
macrophages and lymphocytes) was evident in three of six 
animals (Fig. 7C and D), with others displaying lower levels of 
leucocyte infiltration. Collectively, cell counts were signifi-
cantly higher in PHA-injected legs than in PBS-injected legs 
for neutrophils, lymphocytes and macrophages, but not for 
eosinophils (Table 2 and Fig. 8B).

Experiment 3: optimization of the method 
for determining ‘peak response’
While the standard method of validation above (see ‘Standard 
experimental approach for validation of phytohaemagglutinin 
assays’) was suitable for determining whether an inflamma-

tory response to PHA occurred, it was unsuitable for accu-
rately determining peak response because of the large time 
gap between points of measurement after 24 h. For example, 
L. aurea was shown to have a peak response of ∼7.5% 
increase in leg thickness somewhere between 24 and 48 h 
post-injection, with a slight decrease in leg thickness by 72 h 
post-injection (Fig. 4E). Thus, it was possible that the true 
peak response was significantly greater than that observed at 
either 24 or 48 h post-injection.

The ‘4 h’ method of determining peak response yielded curves 
of a similar shape to that of the ‘24 h’ method for both species 
tested, with L. aurea first responding around 12 h and nearing 
peak response sometime after 24 h (F16,144 = 3.29, P < 0.001; 
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Figure 5: The adjusted curves (change in leg thickness for PBS-injected leg subtracted from change in leg thickness for PHA-injected leg) for all 
four species, showing the differences in time to ‘peak response’ and the overall magnitude of the effect. Changes in leg thickness are expressed as 
the percentage difference from time 0 h. Error bars represent ±1 SEM.

Figure 6: Changes in leg thickness over time of Lim. peronii (A) and Limnodynastes tasmaniensis (B) by sex. All curves are adjusted curves (change 
in leg thickness for PBS-injected leg subtracted from change in leg thickness for PHA-injected leg). Changes in leg thickness are expressed as the 
percentage difference from time 0 h. Error bars represent ±1 SEM.



Fig. 9) and Lim. peronii reacting quickly with a sharp increase in 
leg thickness shortly after 0 h and nearing peak response by 
∼12 h post-injection (F16,176 = 8.23, P < 0.001; Fig. 9).

The smoothed curves modelled using additive mixed-
effects models on the ‘4 h’ data more accurately depicted the 
peak response for both species (Fig. 10). The peak response 
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Figure 7: Representative photographs from histological sections of legs injected with PBS and PHA, showing significant leucocyte infiltration in 
the PHA-injected sections. (A) Limnodynastes peronii, PBS. (B) Limnodynastes peronii, PHA. (C) Litoria aurea, PBS. (D) Litoria aurea, PHA. All 
photographs were taken at ×100 magnification.

Table 2: Summary of the statistical output for the effect of PHA injections on leucocyte counts between treatment and control legs

Species Cell type n PBS mean PHA mean d.f. F-value P-value

Lim. peronii Neutrophil 3 0.0 30.0 1, 28 37.2 <0.001

Lymphocyte 3 0.53 35.6 1, 28 139.1 <0.001

Macrophage 3 0.26 25.0 1, 28 81.6 <0.001

Eosinophil 3 0.07 9.8 1, 28 24.7 <0.001

L. aurea Neutrophil 6 0.0 1.3 1, 58 8.5 <0.01

Lymphocyte 6 0.07 4.5 1, 58 17.92 <0.001

Macrophage 6 0.0 2.7 1, 58 14.0 <0.001

Eosinophil 6 0.0 0.13 1, 58 0.32 0.57

Abbreviations: d.f., degrees of freedom; n, number of animals tested; PBS, phosphate-buffered saline; PHA, phytohaemagglutinin.



for L. aurea occurred at ∼34 h post-injection (Fig. 10) and had 
begun to subside by 57 h post-injection (as determined by the 
upper 95% confidence interval crossing over with the lower 
95% confidence interval of the peak-response curve; Fig. 10). 
The peak response for Lim. peronii occurred at ∼28 h post-
injection and was sustained for most of the remainder of the 
72 h period (Fig. 10).

Experiment 4: comparison of the  
effectiveness of phytohaemagglutinin 
and concanavalin A
Phytohaemagglutinin and Con A performed equally well in 
stimulating inflammation in L. aurea, with no significant dif-
ference in treatment effect observed at any time point 
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Figure 8: Mean counts of leucocytes in legs of Lim. peronii (A) and L. aurea (B) injected with PBS and PHA. Error bars represent ±1 SEM. Statistical 
significance between counts in PBS- and PHA-injected legs are indicated as *P < 0.01, **P < 0.001 and ***P < 0.0001.

Figure 9: Change in leg thickness over time for L. aurea and Lim. peronii using the ‘24’ and ‘4 h’ methods. The graphs show the ‘24 h’ method (A) 
and ‘4 h’ method for L. aurea (B) and the ‘24 h’ method (C) and ‘4 h’ method for Lim. peronii (D). All curves are adjusted curves (change in leg 
thickness for PBS-injected leg subtracted from change in leg thickness for PHA-injected leg). Changes in leg thickness are expressed as the 
percentage difference from time 0 h. Error bars represent ±1 SEM.



(F1,108 = 1.73, P = 0.19; Fig. 11A). However, there was a sig-
nificant effect of treatment for Lim. peronii (F1,165 = 86.39, 
P < 0.001; Fig. 11B), with a lower response to Con A than to 
PHA.

Experiment 5: experimental validation of the 
efficacy of the delayed-type hypersensitivity 
assay: comparison of responses in stressed 
and non-stressed individuals
Tadpoles raised in conditions of high density metamorphosed 
significantly earlier than those in conditions of low density, 
with fitted model means of 42.5 (n = 15) and 56.8 days 
(n = 25) to metamorphosis, respectively (F1,63 = 7.02, P = 0.01; 
Fig. 12). There was no difference between treatment for either 
weight or size at metamorphosis. Animals that were subjected 
to high tadpole density had a positive reaction to the PHA 
assay at 10–12 weeks post-metamorphosis, but this was sig-
nificantly lower in magnitude than for the control animals 

subjected to low density at both 24 and 48 h post-injection 
(F1,32 = 4.47, P = 0.04; Fig. 13).

Discussion
Our study demonstrated that the PHA assay is effective across 
a range of phylogenetically distant anuran amphibian taxa 
and, importantly, that it is capable of detecting differences in 
immunocompetence between groups of animals that have 
been stressed in changing environmental conditions that are 
ecologically meaningful. We established a subcutaneous injec-
tion site a few millimetres below the knee (into the anterior 
lateral surface of the lower leg) and a measurement protocol 
that is easy to use and that worked for all species tested 
 irrespective of body size. We found that the assay worked 
equally well across the sexes in all species tested and worked 
for both adult and sub-adult (juvenile) animals. We deter-
mined that using set-force-measuring instruments to measure 
the inflammatory response can result in a compression effect 
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Figure 10: Smoothed additive model fitted to the differences between the PHA- and PBS-injected legs of L. aurea (A) and Lim. peronii (B) 
following the ‘4 h’ data collection method. Dashed lines show 2 SEM; vertical dotted line indicates the time at peak response. Changes in leg 
thickness are expressed as the percentage difference from time 0 h.

Figure 11: Change in leg thickness over time for L. aurea (A) and Lim. peronii (B) following injections of PHA and concanavalin A (Con A). 
Changes in leg thickness are expressed as the percentage difference from time 0 h. Error bars represent ±1 SEM.



that counters the inflammatory response, reinforcing the need 
to carry out internal controls. We found PHA to be the lectin 
of choice when performing the DTH assay because it outper-
formed or performed equally well to Con A for the two species 
tested. We also developed an alternative validation technique 
that more accurately determined the peak response time for 
each species, improving the functionality and sensitivity of the 
assay.

The method of performing the assay in this study has over-
come the problem of applicability to a wide range of species 
that exists in the assay as applied by Gilbertson et al. (2003), 
Gervasi and Foufopoulos (2008) and Brown et al. (2011) by 
moving the injection site to the lower leg. The lower leg con-
tains less muscle tissue and is relatively thin, and therefore 
remains more consistent in thickness across species of varying 
body sizes. Our initial trials in the upper leg (thigh), as per-
formed by Gervasi and Foufopoulos (2008), worked well for 
very small species but not for larger ones (data not presented). 
We also found that injecting into the toe (as per Gilbertson 
et al. 2003) or into the toe webbing (Brown et al. 2011) was 

not possible for many small species; indeed, many species do 
not have toe webbing. The low-level (0.4 N) set-force dial cal-
lipers we used to measure the leg thickness before and post-
injection worked for all species tested and helped to remove 
the bias associated with investigator-manipulated measuring 
devices. A study published subsequently to our experimental 
work by Fites et al. (2014) on the effects of chytrid fungus on 
local immune responses in Xenopus laevis showed that a sig-
nificant inflammatory response (∼20% inflammation) to PHA 
injections could be achieved in that species by injecting intra-
muscularly in the middle of the foot on the plantar side. The 
location of this injection site is similar in approach to our 
injections into the lower leg, and might also have the potential 
to work for a wider range of species than previous injection 
sites that have been investigated. Testing the PHA assay on 
tadpoles was outside the scope of the present study, but a 
study by Venesky et al. (2012) suggests that it also works for 
that life stage.

Whilst the assay was effective for all species tested, we 
found a large amount of variability within and between spe-
cies. The intra-species variability was similar to that experi-
enced by others (e.g. Gervasi and Foufopoulos, 2008; Brown 
et al., 2011) and reflects the need for reasonable sample sizes 
when carrying out these assays, particularly if the goal is to 
detect potentially small differences between groups or popula-
tions. The inter-species variability was also marked and sug-
gests that responses from this assay are not directly 
comparable between species, although in our trials species 
that were more closely related appeared to have more similar 
responses. For example, inflammation occurred more rapidly 
in the ground frogs (6 h post-injection) compared with the 
tree frogs (>12 h post-injection) and the magnitude of 
response was greater in Lim. peronii compared with the other 
species. Encouragingly, there were no sex differences for any 
species tested, and the assay worked for both adults and juve-
niles (10–12 weeks post-metamorphosis). This suggests that 
the assay is likely to be applicable broadly across populations 
for a given species irrespective of sex or life stage.

Given the intra-species variability and the differences in the 
magnitude of inflammation, optimal assay sensitivity will be 
achieved by determining and comparing peak responses. 
Thus, the 4 h measurement regime is likely to provide a more 
accurate estimation of the peak inflammatory response and be 
more functional compared with the standard assay. The 4 h 
measurement regime revealed that our ground frog model 
experienced true peak response at ∼28 h post-injection (as 
opposed to 12 h estimated by the standard 24 h approach) 
and our tree frog model experienced true peak response at 
∼34 h post-injection (as opposed to 24 h estimated by the 
standard assay). Maximizing assay sensitivity by determining 
the peak response time is particularly important in species 
such as L. aurea that develop only modest PHA inflammatory 
responses that diminish rapidly. Although establishing the spe-
cies response curve for the ‘4 h’ method requires more effort 
and animal handling than the ‘24 h’ method, once established 
the capacity to take a single peak response measurement in 
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Figure 12: Days taken for L. aurea tadpoles to reach metamorphosis 
in conditions of high and low tadpole density. Error bars represent ±1 
SEM.

Figure 13: Change in leg thickness over time for L. aurea exposed to 
conditions of high and low tadpole density, following injections of 
PHA and PBS. Changes in leg thickness are expressed as the 
percentage difference from time 0 h. Error bars represent ±1 SEM.



experimental animals would reduce effort. In our experience, 
the additional handling required to establish the 4 h response 
curve did not appear to stress the animals. The dynamics of 
the inflammatory responses in the amphibian species we 
investigated are broadly comparable with those of R. marina, 
in which peak response was also observed at ∼24 h (Brown 
et al., 2011). Gervasi and Foufopoulos (2008) found com-
paratively small and variable PHA responses in Rana sylvat-
ica, and whilst these investigators nevertheless detected some 
significant differences in PHA responses to desiccation treat-
ments, their study may have been aided by using a validation 
assay, such as the 4 h regime, to provide a better estimate of 
peak responses. We therefore recommend that any PHA assay 
be validated initially using the 4 h approach to produce the 
optimal assay for each new amphibian species.

The question as to the necessity for an internal control for 
PHA assays has been raised many times in the past for birds 
(Smits et al., 1999; Kennedy and Nager, 2006; Biard et al., 
2009; Vinkler et al., 2010) and more recently by Brown et al. 
(2011) for amphibians. While some have argued that an inter-
nal control is not necessary in birds (Smits et al., 1999), we 
found that it was particularly important when applying our 
protocol to amphibians. The discovery of a ‘compression 
effect’ meant that the change in leg thickness from the PHA-
injected leg alone did not necessarily reflect the true peak 
response, and we found that this was highly variable between 
individuals. Indeed, on occasion the compression effect led to 
an overall decrease in leg thickness for some individuals 
despite having a PHA injection. Therefore, we issue a warning 
against using the PHA assay without a control injection into 
the contralateral leg, particularly when comparing groups of 
individuals. We suspect that this phenomenon may also have 
complicated the study of Gervasi and Foufopoulos (2008), in 
which some differences in skin thickness were negative. 
Although the investigators concluded that the negative mea-
surements were not biologically meaningful, they retained the 
data in the analyses, and as there was no internal control 
injection used the compression effect could not have been 
detected.

Phytohaemagglutinin appears to be the lectin of choice for 
use in amphibian DTH assays. We tested a second mitogenic 
lectin, Con A, on a ground frog and tree frog model, but found 
that it only performed equally well (tree frog) or worse 
(ground frog) than PHA in direct comparison tests. While the 
possibility cannot be excluded that Con A or other mitogens 
may be as effective or more effective than PHA in some spe-
cies of amphibians, the evidence from our study suggests that 
PHA should be the first choice when validating or using DTH 
assays in new species.

Inter-species differences in the dynamics of the PHA 
immune response included variation not only in the maximal 
response attained, but also in the speed with which inflamma-
tion developed and its duration. The inter-species and inter-
animal variation was also evident upon histological 
examination of the tissue. Inflammation in Lim. peronii was 

characterized by very robust innate immune responses, includ-
ing vasodilation, oedema and fibrosis as well as significant 
neutrophil and macrophage infiltration. Significant recruit-
ment of lymphocytes, mediators of the adaptive immune sys-
tem, also occurred. The location and extent of leucocyte 
infiltration varied between animals, occurring consistently in 
the epimesium and connective tissue underlying the dermis 
that flank the lymph sac where the PHA was injected. 
However, extensive leucocyte infiltration of the lymph sac, 
perimesium and endomesium occurred together or separately 
in different animals. Damage to muscle fibres indicated by leu-
cocyte infiltration also occurred in some animals. The visible 
histological indicators of inflammation in L. aurea tissue were 
restricted to modest leucocyte infiltration of the connective 
tissue underlying the dermis and the epimesium and variable 
vasodilatation and oedema in the skeletal muscle. Modest leu-
cocyte infiltration of the perimesium and epimesium occurred 
in only some animals. Although the magnitude, dynamics and 
location of the immune response was reduced in L. aurea 
compared with Lim. peronii, leucocyte infiltration in L. aurea 
nevertheless consisted of both innate cellular mediators (neu-
trophils and macrophages) and lymphocytes associated with 
antigen-specific adaptive immune responses. Thus, it is likely 
that both innate and adaptive immune responses contributed 
to the PHA-induced inflammation observed in both species in 
this study.

Brown et  al. (2011) demonstrated that PHA-induced 
inflammation in R. marina was associated initially (6–12 h 
post-injection) with a rapid infiltration of the innate cellular 
mediators (eosinophils, neutrophils and macrophages), 
whereas significant recruitment of lymphocytes took 24 h in 
PHA-naïve animals. Our study revealed that there are differ-
ences in the dynamics and magnitude of the PHA immune 
response between amphibian species. Initial inflammation 
(0–12 h) occurred more rapidly and the degree of inflamma-
tion was greatest in the ground frogs and lowest in (juvenile) 
L. aurea than in other species. It would be fruitful to investi-
gate how this inter-species variation relates to differences in 
investment in immune components and/or signalling path-
ways and disease resistance/immunocompetence (Kennedy 
and Nager, 2006; Martin et al., 2006; Vinkler et al., 2010), 
particularly in conditions of varying environmental stressors. 
Although the PHA assay has traditionally been assumed to 
measure T-lymphocyte function, it is increasingly clear that 
the PHA inflammatory response is complex (Kennedy and 
Nager, 2006; Martin et al., 2006; Vinkler et al., 2010). Use of 
this assay in functional analyses of amphibian immune fitness 
is relatively recent but already suggests that threatening pro-
cesses, such as xenobiotic exposure and desiccation, alter 
amphibian immune function (Gilbertson et al., 2003; Gervasi 
and Foufopoulos, 2008). Our study highlights the importance 
of carefully validating and optimizing the PHA assay for each 
species investigated to maximize its sensitivity and signifi-
cance, as well as to allow meaningful interpretation of the 
nature of the immune response. Our optimized PHA assay 
provided a quantitative measure of both the innate and the 
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initial adaptive immune capability of each species. A second PHA 
challenge would be likely to increase the magnitude of the PHA 
immune response if the primary goal was to focus on adaptive 
immune responses (Brown et al., 2011; Fites et al., 2014).

Perhaps the most important outcome of this study was the 
demonstration that the PHA assay detected differences in 
L. aurea immune responses between frog populations subjected 
to ecologically meaningful levels of an environmental stress. This 
was achieved with relatively small numbers of animals (groups of 
25 and 15 individuals) and demonstrates that the PHA assay is 
effective in ecologically meaningful studies. The frogs used for 
this study had similar levels of genetic diversity and were raised 
in identical conditions except for the experimental density vari-
able. Thus, the detected differences in immunocompetence 
between the experimental groups provide very strong direct evi-
dence that one cost of metamorphic plasticity responses to den-
sity stress is a reduction in immune fitness. This also provides 
compelling evidence to suggest that phenotypic carry-over from 
larval stress affects the adult phenotype, and thus, metamorpho-
sis is not a new beginning between life stages of species with 
complex life-cycles. The demonstration that high L. aurea tad-
pole density was associated with reduced post-metamorphic 
immunocompetence has significance for the conservation and 
management of this and other species that have declined to 
endangered status in the wild. Litoria aurea is currently the sub-
ject of a number of captive breed-and-release programmes, 
where it is assumed that releases of large numbers of tadpoles 
into waterbodies is advantageous to reintroduction of the species 
(Stockwell et al., 2008; Mahony et al., 2013; Germano et al., 
2015). Our findings provide grounds for caution when determin-
ing tadpole stocking densities. By extension, the findings also 
have important implications for the way that captive-bred tad-
poles of other species are raised in similar programmes.

Overall, we found that the PHA protocol developed in this 
study worked across a broad range of amphibian taxa sepa-
rated by long evolutionary histories and provides a simple, 
inexpensive and effective way to quantify immunocompetence 
in amphibians (and possibly other ectothermic vertebrates), 
thus facilitating investigations into the effects of environmental 
change on wildlife health. We applied the assay to demonstrate 
a reduction in post-metamorphic immune fitness as a conse-
quence of high-density stress in tadpoles and suggest that the 
PHA assay could be incorporated beneficially into a huge range 
of ecological and evolutionary studies, which will become more 
important for managers and researchers as the burden of global 
environmental change continues to place pressure on the 
world’s amphibian species. However, we issue a warning 
against the use of the PHA assay in new species without prior 
validation or without the use of appropriate internal controls.
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