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Abstract 

Polyphenols are ubiquitous in plants and act as anti-inflammatories, anti-diuretics, and 

antioxidants in humans.  However, many herbivores exhibit feeding preferences against plants 

with high polyphenol content because of digestion complications.  Japanese giant flying 

squirrels (Petaurista leucogenys) are highly selective when foraging, even within individual 

leaves. We hypothesize that varying polyphenol concentration may influence selection.  The 

polyphenol concentrations of three species of oak (Quercus) leaves (Q. acutissima, Q. crispula, 

and Q. sessilifolia) commonly eaten by the squirrels were quantified to determine the 

relationship between polyphenol content and feeding preferences of P. leucogenys. Polyphenol 

content was measured in four sections of each leaf using the Folin Ciocalteu assay. Little 

difference was found in polyphenol concentration along the length of the Q. actutissima and 

Q.sessilifolia leaves, however, Q. acutissima leaves had a higher concentration on the 

peripheral at the leaf margin than in the central area. Additionally, we observed a greater 

feeding selectivity in the species with the overall highest polyphenol concentration (Q. 

acutissima) which may imply some phenolic feeding selection by the Japanese giant flying 

squirrels. 

  



Introduction 

Polyphenols are found in all plants and contribute to many plant properties such as color, 

decay resistance, and defense (Bravo 2009).  High consumption of certain polyphenols in 

animals is known to have adverse effects.  Specifically, one type of polyphenols, tannins, is 

known to influence digestibility in herbivores by precipitating digestive enzymes, resulting in 

decreased palatability.  This property may be one line of defense against herbivory (Massei 

2000).  Recent research focused on another type of polyphenols, flavonoids, which are 

associated with antioxidant, antidiarrheal, and anti-inflammatory properties in humans (Bravo 

1998).             

The Japanese flying squirrels (Petaurista leucogenys) are native to Japan.  This species 

feeds on 45 different species of trees including Quercus spp (oak), and is highly selective when 

foraging, even among sections within a leaf (Figure 1).  One possible explanation for this 

selectivity is variation of polyphenol content in different parts of leaves.  The leaves of Quercus 

species are a common staple in P. leucogenys diet, thus making it an ideal subject of study 

(Sone et. al. 1996).  In addition, Quercus species are common in central Japan including our 

study area, Mt. Takao, near Tokyo. We will explore if polyphenol concentrations vary in sections 

of Quercus leaves and whether concentrations influence the feeding behavior of P. leucogenys.  

First, we will identify the parts of the Quercus leaves that Japanese giant flying squirrels 

consume; then identify and quantify polyphenol compounds in different sections of leaves; and 

finally compare polyphenol distribution with leaf section selection by P. leucogenys.  We 

hypothesize that if a lower concentration of polyphenolic compounds occurs in a section of the 

Quercus leaf, then P. leucogenys will avoid eating that section. Examination of the influence of 

polyphenols on the selectivity of feeding behavior by mammals may identify an important model 

system in which to identify influential chemicals.  

 

  



Materials and Methods 

Leaf Collection 

Three Quercus spp. of leaves partially eaten and uneaten by P. leucogenys (Q. acutissima, 

Q. crispula, and Q. sessilifolia) were collected in various areas of Mt. Takao, Hachioji-shi, Tokyo 

Japan.  Partially eaten leaves were classified into three feeding type categories: apical, basal, or 

central, depending on the portions of the leaves eaten to determine feeding type tendency used 

on each oak. All leaves were stored at -20°C until analyzed. 

 

Leaf Extraction Procedure 

 Five uneaten leaves of each species per collection date were subjected to extraction 

and analysis.  A single leaf was divided into 5 sections (each 12 mm in diameter): apical, basal 

central, then central and peripheral (Figure 2) with the exception of Q. sessilifolia leaves that 

were divided into 4 sections: apical and basal, then central and peripheral.  Sections were oven 

dried at 60 o C then individually weighed and ground with mortar and pestle.  The polyphenols of 

each section were extracted with 70% acetone (1 mL).  The mixture was sonicated for 10 min 

with an Astrason Heat Systems Ultrasonics processor (Branson B-12 26373), then centrifuged 

and the supernatant transferred to a new tube.  This step was repeated twice more for a total of 

three supernatant extractions and a pellet of the remaining solids.  The supernatants were 

combined and the acetone dried by vacuum evaporation (ULVAC Kinko Inc. DA-40S).  The 

resulting extract was re-dissolved in water (1 mL) and frozen (20°C) overnight.    

 

Folin Ciocalteu Analysis 

 Samples were thawed to room temperature then vortexed and centrifuged to mix. Ten 

microliters of each sample were diluted 6 times with water and vortexed. A 1:1 ratio of Folin 

Ciocalteu reagent and diluted sample were mixed and incubated at room temperature (5 min).  



Afterwards, a 1:1 ratio of Na2CO3 was added to the mixture, vortexed, and incubated at room 

temperature (10 min) then centrifuged.  

Gallic acid standards were made at 0, 5, 10, 20, 30, 50, 100, 150, and 200 mg/L 

concentrations and subjected to the Folin Ciocalteu analysis.  Absorbance was measured at 

730 nm using the DU Series 600 Spectrophotometer (Beckman Coulter, Inc.) to create a 

standard curve. Sample absorbance were measured spectrophotometrically (at 730 nm) and 

total phenolic content was extrapolated from the Gallic acid standard curve. Data were 

normalized to dry weight of respective sections (mg). 

 

Statistical Analysis 

 Normalized data in grams of Gallic acid equivalence per milligram dry weight (g 

GAE/mg DW) were averaged over sections for each species across collection dates (Figure 3, 

4, 5). An analysis of variance (ANOVA) was used to assess variation among Q. acutissima and 

Q. crispula (apical, central, and basal sections) and Q. sessilifolia (apical and basal sections) 

over date and sections, and interspecies comparisons. Central and peripheral data of each 

species were analyzed with student’s paired t-test. Differences within species and among 

sections, dates, and dates and sections combined were considered significant at p<0.05.      

 

Results 

No variation existed in mean total phenolic concentration within apical, central, and basal 

sections of Q. acutissima leaves (F (2, 6) = 0.031, p> 0.05). Similarly, no temporal polyphenol 

variation occurred from May through July (F (3, 6) = 2.4, p> 0.05) or within section among the 

collection dates (F (6) =0.3, p> 0.05). However, central sections had significantly lower 

concentration of polyphenols than peripheral sections (t = 2.42, df = 9, p< 0.05, Figure 3). 

Quercus crispula apical, central, and basal leaf sections had significantly different 

concentrations (F (2, 6) = 6.81, p< 0.05, Figure 4). Basal sections tended to have lower mean 



concentrations compared to apical and central regions. Concentrations among collection dates 

(F (3, 6) =23.4, p<0.05) and within sections among collection dates also differed (F (6, 6) = 2.49, 

p< 0.05). No differences were seen between central and peripheral sections.  

Mean concentrations of polyphenols did not differ for Q. sessilifolia apical or basal 

sections(F(1, 16) = 1.32, p> 0.05)., between collection dates(F(1, 16) = 1.17, p >0.05)., within 

sections between dates(F = 0.0003, df = 16, p> 0.05)., or between central and peripheral 

sections (t = -1.66, df = 4, p> 0.05: Figure 5). 

Interspecies comparisons showed that overall Q. crispula and Q. sessilifolia have lower 

overall phenolic concentrations than Q. acutissima (F (2,137) = 85.9, p< 0.05; F (2, 27) = 21.3, 

p< 0.05; Figure 6). 

 

Discussion 

It has been reported that total phenolic concentrations increased in leaf sections closer 

to the apex (Schoonhoven 2005); however, our data did not have a consistent total phenolic 

concentration distribution across the three oak species.  Likewise, total phenolic concentrations 

in leaf sections did not clearly correlate with our observations of squirrel feeding preference. We 

found that P. leucogenys tended to exhibit apical, basal, and central feeding patterns for Q. 

acutissima with a preference for central over peripheral sections; apical or whole leaf feeding 

patterns for Q. crispula; and whole or occasionally central section feeding patterns for Q. 

sessilifolia. However, only Q. acutissima phenol concentrations were inversely related with 

squirrel feeding preference while Q. crispula phenol concentrations were positively related with 

preference and Q. sessilifolia phenol concentrations showed no correlation.  

Certain polyphenols are differentially selected against by herbivores in plants. (Steele 

1993, Massei 2000, Schoonhoven 2005). Tannins are associated with leaf defense (Bravo 

1998, Schoonhoven 2005) and are sometimes produced in response to herbivory (Massei 2000, 

Schoonhoben 2005).  Negative correlations are often observed between herbivore densities and 



tannin concentrations (Zucker 1982, Steele 1993, Forkner 2004). For example, among 38 oak 

species, Acronicta increta and Attelabus sp, both oak specialists, were associated in greatest 

numbers with oaks with lower tannin concentrations (Forkner 2004).  In addition, goats have 

been found to avoid black current twigs, which have high in tannin content (Provenza 1990).  

This is also likely the case for P. leucogenys. Within Q. crispula, squirrel selection corresponded 

with the sections with higher polyphenol concentrations. Additionally, comparing mean 

polyphenol concentrations across the three oak species, P. leucogenys ultimately preferred the 

species with the higher mean polyphenol concentrations, Q. acutissima, despite selecting for 

the sections with lower polyphenol concentrations within the same species. This implies that if 

polyphenols are a selecting factor, it is likely against specific polyphenols. Eastern gray 

squirrels, Sciurus carolinensus, exhibited preference for the basal ends of acorns of several red 

oak species (Steele 1993). Tannin quantification of the acorns revealed that the apex of the 

acorns contained significantly more tannins than the basal. Likewise, by quantifying tannins in 

Quercus spp., we may further elucidate P. leucogenys feeding behavior in oak leaves.  

Overall, our experiment showed that total phenolic concentrations along the length of the 

leaf varied across the Q. acutissima, Q. crispula, and Q. sessilifolia. Polyphenol concentrations 

in leaves may influence P. leucogenys specific selection for sections within Quercus species 

leaves, however there was no clear trend between total phenolic concentrations and P. 

leucogenys feeding selection. Future research is needed to clarify whether specific polyphenols 

play a role in P. leucogenys feeding behavior within Quercus spp. leaves. 
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Figure Legends 

Figure 1: Evidence of P. leucogenys selection within A. Q. crispula B. Q. acutissima and C. Q. 

sessilifolia leaves 

Figure 2: Five sections of leaf to be analyzed – A. apical, central, basal B. central and 

peripheral C. apical and basal in Q. sessilifolia 

Figure 3: Total polyphenol concentrations in apical, central and basal sections of Q. acutissima 

at collection dates 13 May, 20 May, 24 June, and 29 July 2013; and in central and peripheral 

sections.  Error bars indicate ± one standard error of mean (SEM). Significance (p<0.05) 

 is indicated by an asterisk.  

Figure 4: Total polyphenol concentrations in apical, central and basal sections of Q. crispula at 

collection dates 20 May, 27 May, 4 June and 15 July 2013; and in central and peripheral 

sections.  Error bars indicate ± one standard error of mean (SEM).  Significance (p<0.05) is 

indicated by an asterisk. 

Figure 5: Total polyphenol concentrations in apical and basal sections of Q. sessilifolia at 

collection dates 4 June and 15 July 2013; and in central and peripheral sections.  Error bars 

indicate ± one standard error of mean (SEM). Significance (p<0.05) is indicated by an asterisk.  

Figure 6: Mean total polyphenol concentrations in all apical, basal, central sections and all 

central and peripheral section in each oak species.  Error bars indicate ± one standard error of 

mean (SEM). Significance (p<0.05) is indicated by an asterisk. 
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