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ABSTRACT: It has been argued that evolutionary shifts in diet preferences are paired 

with changes in digestive physiology, including digestive enzyme activities.  For 

example, a previous study in birds (Martinez del Rio 1990) found interspecific variation 

in enzyme activities that matched species’ feeding guilds (frugivore, omnivore, nectivore, 

etc.).  To enhance the findings of this study, we measured the activities of pancreatic and 

intestinal enzymes in six avian species where diet patterns have been extensively studied. 

The adaptive modulation hypothesis states that enzyme activities should match the 

relative levels of substrate present in an animal’s diet so as not to waste biosynthetic 

energy or cell membrane space with unneeded enzymes.  There were no differences in 

aminopeptidase-N, trypsin, or chymotrypsin activities between species with different 

percent protein in their diets.  However, consistent with the adaptive modulation 

hypothesis, we found that species with a higher percent starch in their diets had higher 

maltase, sucrase, and amylase activities.  However, future studies may need to be 

conducted to differentiate long-term, evolutionary matching from rapid modulation of 

enzyme levels.  

INTRODUCTION

The diets of passerine bird species are extremely diverse, from species that eat 

primarily seeds to species that eat primarily insects.  With these different diets, species 

ingest different relative amounts of carbohydrate and protein.  These varying 

compositions of diet may act as a selective force on digestive function (Karasov and 

Diamond 1988, Diamond 1993).

In most cases, in order for large macromolecules like polysaccharides and 

proteins to be absorbed through the intestine wall into the blood stream they must be 



hydrolyzed first by enzymes released from the pancreas into disaccharides and 

polypeptides.  Then, further break down may occur through intestinal brush border 

enzymes to hydrolyze disaccharides into monosaccharides and polypeptides into amino 

acids which can then be absorbed (Karasov and Martínez del Rio, 2007).

It is reasonable to assert that the activity of the enzymes associated with these 

processes would be correlated with the amount of substrate in an animal’s natural diet 

(known as the adaptive modulation hypothesis; Karasov and Diamond, 1988; Diamond 

and Hammond, 1992) for several reasons. First, having sufficient enzymatic capacity to 

break down nutrients present in the intestine is important to avoid nutrients and energy 

escaping the gastrointestinal tract unabsorbed.  However, it is energetically efficient to 

avoid synthesizing a great excess of digestive enzymes, as synthesizing enzymes requires 

energy.  Additionally, extra, unneeded enzymes would occupy cellular and membrane 

space that could otherwise be devoted to other functions (Diamond 1993).

Ideally, animals might have the ability to modulate enzyme levels to cope with 

variability in nutrient composition of their diet.  For example, in passerines, short term 

modulation of the intestinal peptidase, aminopeptidase-N, as higher activities is seen in 

birds fed on a high protein diet (relative to lower protein): European starlings [Sturnus 

vulgaris (Martinez del Rio et al, 1995)], yellow-rumped warblers [Dendroica coronata 

(Afik et al., 1995)], rufous-collared sparrow (Zonotrichia capensis) and common diuca 

finch (Diuca diuca) (Sabat et al., 1998), house sparrow (Caviedes-Vidal et al., 2000), 

pine warblers [Dendroica pinus (Caviedes-Vidal et al, 1994)];.  However, in all of these 

studies passerine birds seemed unable to modulate carbohydrase enzyme levels as higher 



dietary carbohydrate did not induce higher maltase activities (however, see Levey et al., 

1999).

With rapid modulation of carbohydrase enzymes perhaps not being an option for 

passerine birds, this study looked for the possibility of an evolutionary shift in enzyme 

levels that might allow birds to maximize digestion while mitigating excess costs.  This 

has been alluded to in interspecies studies on birds (Martinez del Rio 1990) and bats 

(Schondube et al, 2001) that compared intestinal enzymes of different feeding guilds.  To 

enhance the findings of these studies, this study was designed to use species where 

natural diet composition has been extensively studied to better look for evolutionary 

shifts, and investigate both intestinal and pancreatic enzymes involved in the breakdown 

of nutrients.  We hypothesized that mass specific activity of pancreatic and intestinal 

enzymes would correlate positively with the substrate content in avian species’ diets.  

METHODS

Bird capture, euthanasia, and dissection 

During July 2008, birds were captured using mist nets on state wildlife areas and 

private land in Dane County under U.S. Fish and Wildlife Service permit # MB699480-0 

and with permission of Wisconsin Department of Natural Resources (DNR) or property 

owners. Individuals of the target species included in Table 1 were collected, and all by 

catch were released.  Within one hour of capture birds were euthanized in the field by 

thoracic compression. Their abdominal cavities were immediately opened, pancreas 

removed, blotted, and stored in liquid N2.  Intestines were then removed and flushed with 

ice cold avian Ringer solution and cut into three sections, corresponding to proximal, 



middle and distal regions, and immediately preserved in liquid nitrogen.  Tissues were 

brought back to the laboratory and stored at -80°C until analysis for enzyme activity.

Determination of Diet Characteristics

Percentage of seed, plant, insect, and fruit material in each species' diet was 

determined from The Birds of North America (species specific sources in Table 1). 

Then, we used the average chemical characteristics of food types (Wyatt 1967, Englyst 

1981, Robbins 1993, Karasov and Martinez del Rio 2007) to calculate estimated dietary 

percentage of starch, sucrose, and protein for each species.  A conventional 6.25 nitrogen 

to protein conversion factor was used for seed, plant, and insect material, while a 5.64 

factor was used for conversion of fruit (Levey et al., 2000).

Pancreatic Enzyme Assays

Activity of amylase was measured by a modification of the 3,5-dinitrosalicylate 

method (Dalqvist 1962; Hjorth 1979). One-hundred-microliter aliquots were incubated 

with 2% potato starch (Sigma no. S2630) at 40°C for 3 min. The reaction was terminated 

by the addition of 200 mL dinitrosalicylate reagent. The tubes were immersed in boiling 

water for 10 min and cooled with tap water. Two milliliters of distilled water was added 

to each tube, and the absorbance was read at 530 nm.

Analysis of pancreatic trypsin and chymotrypsin requires prior activation of the 

zymogens. The pancreas samples were incubated with 0.3% enterokinase for 40 min. at 

25°C in 50 mM Tris/HCl buffer (pH 8.2) containing 20 mM CaCl2. Preliminary data 

indicated that this treatment gave reproducible maximal activation of the proteolytic 

zymogens. Aliquots of 16 µL and 144 µL distilled water were assayed to measure trypsin 

activity using 800 µL DL-BAPNA (benzoyl-arginine-p-nitroanilide) 1 mM solution as 



substrate at pH 8.2 for 10 min at 40°C. The reaction was terminated by adding 160 µL of 

30% acetic acid. The liberated amount of p-nitroanilide was estimated by reading the 

absorbance at 410 nm (Erlanger et al. 1961) and using a p-nitroanilide standard curve. 

Chymotrypsin activities were also measured by the amount of p-nitroanilide released by 

hydrolysis of 160 mL of homogenate and 800 µL of GPNA (N-glutaryl-l-phenylalaninep- 

nitroanilide) 1 mM solution at pH 7.6 and 40°C. The reaction was terminated with 160 

µL of 30% acetic acid solution. The absorbance of the mixture was measured at 410 nm 

(Erlanger et al. 1966).

Intestinal Enzyme Assays

We measured the activity of membrane-bound enzymes in whole-tissue 

homogenates rather than in mucosal samples or isolated brush border preparations to 

avoid underestimation of activity as previously reported (Martinez del Rio, 1990). 

We assayed disaccharidase (maltase, sucrase) activity using a modification of the 

colorimetric method developed by (Dahlqvist, 1984). Assays are described in detail in 

(Martinez del Rio, 1990; Fassbinder-Orth and Karasov, 2006) Briefly, tissues were 

thawed at 4°C and homogenized in 350 mmol L-1 mannitol in 1 mmol L-1 N-2-

hydroxyethylpiperazine-N’-2-ethanosulfonic acid (Hepes)-KOH, pH 7.0. Gut 

homogenates (30 µL) diluted with 350 mM mannitol in 1 mM Hepes-KOH were 

incubated with 30 µL of 56 mM maltose or 56 mM sucrose in 0.1 M maleate and NaOH 

buffer, pH 6.5, at 40°C for 20 min. Next, 400 µL of a stop-develop reagent (GAGO-20 

glucose assay kit; Sigma Aldrich, St. Louis, Missouri, USA) was added to each tube, 

vortexed, and incubated at 40°C for 30 min. Lastly, 400 µL of 12 N H2SO4 was added to 

each tube, and the absorbance was read at 540 nm.  



We used L-alanine-p-nitroanilide as a substrate for aminopeptidase-N. To start the 

reaction we added 10 µL of the homogenate to 1 mL of assay mix (2.0 mmol L-1 l-

alanine-p-nitroanilide in one part of 0.2 mol L-1 NaH2PO4/Na2HPO4 buffer no. 1, pH 7 

and one part of deionized H2O) previously heated at 40°C. The reaction solution was 

incubated for 20 min at 40°C and then ended with 3 mL of ice-cold 2 N acetic acid, and 

absorbance was measured at 384 nm. 

Determination of pH Optima

We determined the pH optima of maltase, sucrase and aminopeptidase-N in the 

medial portion of three birds of each species, chosen randomly. The above assays were 

performed using the homogenates and a 0.05 M maleate:NaOH buffer system with pHs 

ranging from 5 to 7.5 for the disaccharidases and from 5.5 to 8.5 for aminopeptidase-N. 

For better comparison, we calculated relative activity (i.e. activity at test pH normalized 

to maximal activity at what was defined as optimal pH in a sample from the same bird).

Data Analysis

Although the overall goal was to test for correlation between enzyme levels and 

dietary protein levels, phylogeny must be taken into account to avoid overestimating 

degrees of freedom in the statistical analyses, which occurs when species are 

phylogenetically related and thus not entirely independent units (Karasov and Martinez 

del Rio 2007). The independent contrast method is one method to test for correlated 

evolution of continuous traits (Garland et al., 1992). This method takes into account 

differences in measured variables as well as phylogenetic tree branch lengths between 

species.  



Phylogenetically independent contrasts (PIC) were conducted using Phylogenetic 

Comparative Methods of COMPARE version 4.6b http://compare.bio.indiana.edu/. 

Phylogeny has already been determined (Barker et al., 2001).  By looking at regression of 

our divergence data we determined whether traits varied with evolutionary divergence. 

Single factor ANOVA tests were conducted to simply investigate whether differences in 

enzyme activities existed between species.  

RESULTS

pH Optimum

Aminopeptidase-N optima showed high interspecific variation, from 6.5 in the 

American Robin and Northern Cardinal to 8.0 in the Black-capped Chickadee (Fig 1A). 

Disaccharidase optimum though, showed less variation between species.  Maltase pH 

optimum ranged from 5.5 to 6 (Fig 1B), which is the same range found in Martinez del 

Rio, 1999.  Sucrase pH optimum was not analyzed for Barn Swallow or American Robin 

as they had sucrase activities <0.05 µmol/g tissue/ min.  However, for species analyzed 

sucrase pH optimum was 5.5 (Fig 1C).

Interspecific Variation in Enzyme Activities

ANOVA showed interspecific variation in all enzymes tested, with between group 

P < 0.05 for all enzymes (Table 2).  Regressions of PIC divergence relationships for 

pancreatic enzymes showed positive correlation between dietary starch and mass specific 

amylase activity (Fig 2).  However, neither trypsin nor chymotrypsin showed a positive 

correlation between dietary protein and mass specific activity (Fig. 3 and Fig. 4, 

respectively).

http://compare.bio.indiana.edu/


Intestinal enzyme regressions of PIC divergence relationships showed positive 

correlation between dietary starch and mass specific maltase and sucrase activity (Fig. 5 

and Fig 6 A, B, respectively).  However, when mass specific sucrase activity was plotted 

against percentage dietary sucrose, no significant relationship was found (Fig. 6 C, D). 

The intestinal protease, aminopeptidase-N, lacked a positive correlation as well (Fig 7). 

Summary of data can be found in Table 3.

Relationship between Maltase and Sucrase

We plotted species average mass specific maltase activity against mass specific 

sucrase activity to investigate sucrase-independent maltase-glucoamylase activity (Fig. 

8). Maltase activity and sucrase activity were positively correlated (r2 = 0.957, P < 0.001, 

n=6 spp.) 

DISCUSSION

Dietary habits vary among birds species used in this study, from primarily insects 

to primarily seeds.  With varying diets, different species ingest different amounts of 

starch and protein, which should cause shifts in enzyme activities in accordance with the 

adaptive modulation hypothesis. Indeed, it was found that as percentage dietary starch 

increased, the mass specific activity of amylase, maltase, and sucrase all increased as 

well.  These results support the idea of evolutionary matching between activity of 

digestive enzymes and the prevalence of their specific substrate in an animal’s diet, as 

proposed by Karasov and Diamond, 1988 and Diamond 1993.  Interestingly though, no 

positive correlation was found between dietary protein and any of the digestive proteases 

(trypsin, chymotrypsin, and aminopeptidase-N).  



It is unlikely that a lack of positive relationship was due to inability to detect 

differences between species, as results from ANOVA showed significant interspecific 

variation (Table 2).  Another argument might be that the variation in pH optimum for an 

enzyme such as aminopeptidase-N confounded our results.  However, we are uncertain 

about the biological significance of variation in pH optimum, as it seems unlikely that pH 

can be regulated tightly in the unstirred layer of the intestine.  Additionally, intestinal pH 

has been found to differ significantly with position as well as diet (Russell et al., 1981, 

Lin et al., 1991), though different diets do not cause significant changes in pH optimum 

of enzymes (Caviedes-Vidal et al., 2000).  For these reasons we believe that 

measurement at a pH of 7 satisfies our interest in comparing species.

The lack of relationship between dietary protein and protease activity is 

perplexing as in other studies passerine birds were found able to modulate intestinal 

aminopeptidase-N activities to varying dietary protein.  Because this study used wild 

birds, exact diet at the time of collection is unknown, so it could be that diet did not vary 

enough to cause significant modulation.  Additionally, there could be variation in protein 

requirements between species, independent of body mass.  These protein requirements 

might act as a selective force on the capacity of the intestine to break down and absorb 

protein.  One other explanation is the possibility of interspecific variation in the rates of 

post absorptive processing of protein, such that a high activity of enzymes that catabolize 

protein in the liver might necessitate a high activity of enzymes in the intestine to break 

down and allow absorption of protein.  This however, warrants further study.

It is also interesting that interspecific variation was found in carbohydrases, as 

short term modulation has for the most part not been exhibited in studies on passerine 



birds.  Sabat et al., 1998 proposed that the lack of short term modulation in intestinal 

disaccharidases could be due to the fact that these intestinal proteins require a long time 

to respond to variation in diet.  In face of rapidly changing diets, natural selection may 

favor a constitutive level of enzymes that reflect average intake of dietary substrates 

(Sabat et al., 1998).  This study might support this idea, showing significant correlations 

between mass specific amylase, maltase, and sucrase activities and dietary starch (Table 

3).  However, it could also be the case that that this matching is due to rapid modulation 

in response to dietary starch.  This seems unlikely due to the large number of studies 

showing that passerines lack the ability to modulate amylase, maltase, and sucrase when 

fed high starch diets, but the majority of the species in this study have not been tested for 

rapid modulation. 

Matching between substrate and enzyme activity does not explain the positive 

relationship between sucrase activity and dietary starch though.  Ideally, sucrase activity 

would correlate with dietary sucrose, but this does not appear to occur (Fig. 6 C, D).  This 

could be due to the fact that sucrase activity comes results the enzyme sucrase-

isomaltase, which hydrolyzes both sucrase and maltase.  Correlation between dietary 

starch and 

sucrase may have resulted if natural selection favored matching between dietary starch 

and the maltase capacity of sucrose-isomaltase.  This seems logical as starch is found at a 

much higher concentration in the diet compared to sucrase (Table 1). 

When looking at whether a species is able to modulate enzymes, it seems that 

there also may be a phylogenetic component.  For example, we’ve stated that passerine 

birds lack the the ability to modulate carbohydrase enzyme levels, however, non 



passerine species seem able to increase disaccharidase activities when fed high starch 

diets: chicken [Gallus gallus (Biviano et al., 1993)], turkey [Meleagris gallopavo (Sell et  

al., 1989)], snow goose [Chen caerulescens (Ciminari et al., 1999)] and Canada goose 

[Branta canadensis (Ciminari et al., 1998)].  Pigeons, in the order Columbiformes, are 

closely related to passerines and are also unable to modulate intestinal disaccharide 

activity.  Studies in more avian orders may be needed to differentiate whether the ability 

to modulate enzyme activity is adaptive or has a phylogenetic component.



Table 1. Target species and percentage of dietary nutrients.  Percentages were found 
using Wyatt 1967, Englyst 1981, Robbins 1993, Karasov and Martinez del Rio 2007.

Common 
Name

Scientific 
Name

Percent 
Starch

Percent 
Sucrose

Percent 
Protein

Source

House Finch Carpodacus 
mexicanus

65.72 0.77 12.51 Hill 1993

House Sparrow Passer  
domesticus

76.99 Trace 14.04 Lowther et 
al., 2006

Northern 
Cardinal

Cardinalis  
cardinalis

37.47 1.36 22.53 Halkin et al., 
1999

American 
Robin

Turdus 
migratorius

2.05 3.24 25.85 Sallabanks et 
al., 1999

Black-capped 
Chickadee

Poecile  
atricapillus

15.41 0.84 40.25 Smith 1993

Barn Swallow Hirundo 
rustica

5.03 Trace 53.67 Brown et al., 
1999



Table 2. Single factor ANOVA results showing between species differences in all 
enzymes studied.

Enzyme df F P
Amylase 5, 22 51.97 <0.001
Chymotrypsin 5, 22 3.85 0.012
Trypsin 5, 22 4.96 0.003
Maltase 5, 22 57.34 <0.001
Sucrase 5, 22 63.08 <0.001
Aminopeptidase-N 5, 22 11.49 <0.001



Table 3. Summary of regressions parameters (N, r 2, P, slope) for phylogenetically 
independent contrast divergence relationships. 

Divergence Relationship N r 2 P Slope (± 95% CI)
Amylase Activity-Dietary Starch 5 0.918 0.010 0.8205 (± 0.22)
Trypsin Activity – Dietary Protein 5 0.305 0.335 0.4582 (± 1.11)
Chymotrypsin Activity – Dietary Protein 5 0.078 0.648 -.0029 (± 0.01)
Maltase Activity – Dietary Starch 5 0.987 < 0.001 1.2155 (± 0.33)
Sucrase Activity – Dietary Starch 5 0.892 0.016 0.1043 (± 0.04
Sucrase Activity – Dietary Sucrose 5 0.304 0.336 -1.4213 (± 2.02)
Aminopeptidase-N Activity – Dietary Protein 5 0.007 0.890 -0.0025 (± 0.17)



Figure 1. Enzyme pH profiles for (A) aminopeptidase-N (B) maltase and (C) sucrase. 
Sample size of n=3 for each line, except for Barn Swallow maltase and House Sparrow 
aminopeptidase-N lines where n=4



Figure 2. Relationship between percent dietary starch and mass specific amylase activity. 
(A) A cross-species presentation of data. (B) Correlations of evolutionary divergences 
from independent contrast analysis (r2 = 0.918, P = 0.010)



Figure 3. Relationship between percent dietary protein and mass specific trypsin activity. 
(A) A cross-species presentation of data. (B) Correlations of evolutionary divergences 
from independent contrast analysis (r2 = 0.305, P = 0.335)



Figure 4. Relationship between percent dietary protein and mass specific chymotrypsin 
activity. (A) A cross-species presentation of data. (B) Correlations of evolutionary 
divergences from independent contrast analysis (r2 = 0.078, P = 0.648)



Figure 5. Relationship between percent dietary starch and mass specific maltase activity. 
(A) A cross-species presentation of data. (B) Correlations of evolutionary divergences 
from independent contrast analysis (r2 = 0.987, P < 0.001)



Figure 6. Relationship between percent dietary starch or sucrose and mass specific 
sucrase activity. (A) A cross-species presentation of data. (B) Correlations of 
evolutionary divergences of dietary starch and sucrase activity from independent contrast 
analysis (r2 = 0.892, P = 0.016) (C) Cross-species presentation of percent sucrose and 
sucrase activity. (D) Correlations of evolutionary divergences of dietary sucrose and 
sucrase activity from independent contrast analysis (r2 = 0.304, P = 0.336)



Figure 7. Relationship between percent dietary protein and mass specific aminopeptidase-
N activity. (A) A cross-species presentation of data. (B) Correlations of evolutionary 
divergences from independent contrast analysis (r2 = 0.007, P = 0.890)



Figure 8. Relationship between mass specific sucrase activity and mass specific maltase 
activity for all species.  Points represent average activity for each species, and bars are SE 
(r2 = 0.957, P < 0.001).
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