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a b s t r a c t

This paper describes the use of a quantitative competitive polymerase chain reaction (QC-

PCR) assay; using PCR primers to the rRNA locus of rumen fungi and a standard-control

DNA including design and validation. In order to test the efficiency of this method for

quantifying anaerobic rumen fungi, it has been attempted to evaluate this method in in vi-

tro conditions by comparing with an assay based on measuring cell wall chitin. The

changes in fungal growth have been studied when they are grown in in vitro on either un-

treated (US) or sodium hydroxide treated wheat straw (TS). Results showed that rumen

fungi growth was significantly higher in treated samples compared with untreated during

the 12 d incubation (P< 0.05) and plotting the chitin assay’s results against the competitive

PCR’s showed high positive correlation (R2� 0.87). The low mean values of the coefficients

of variance in repeatability in the QC-PCR method against the chitin assay demonstrated

more reliability of this new approach. And finally, the efficiency of this method was inves-

tigated in in vivo conditions. Samples of rumen fluid were collected from four fistulated

Holstein steers which were fed four different diets (basal diet, high starch, high sucrose

and starch plus sucrose) in rotation. The results of QC-PCR showed that addition of these

non-structural carbohydrates to the basal diets caused a significant decrease in rumen an-

aerobic fungi biomass. The QC-PCR method appears to be a reliable and can be used for ru-

men samples.

ª 2009 The British Mycological Society. Published by Elsevier Ltd. All rights reserved.
Introduction anaerobic rumen fungi by Orpin (1975), considerable effort
The anaerobic fungi are now known to be one of the most sig-

nificant groups of rumen microorganisms (Trinci et al. 1994;

Orpin et al. 1997) and are primary colonizers of fibrous plant

material that are able to degrade lignin-containing plant cell

walls (Bauchop 1979; Akin et al. 1990). Since the discovery of
43.

ritish Mycological Society
has been directed towards documenting the effects of diet

changes, times of feeding and feeding frequency on their pop-

ulations within the rumen (Dehority & Tirabasso 2001;

Rezaeian et al. 2005; Denman & McSweeney 2006). Early

work on the fungi by Bauchop (1979), based on zoospore abun-

dance indicated that diet had a substantial effect on fungal
. Published by Elsevier Ltd. All rights reserved.
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populations. Rezaeian et al. (2005), showed sodium hydroxide

treated barley straw caused to increased rumen fungi in in

vitro culture and it has been proposed that diets rich in soluble

carbohydrates inhibited the production of zoospores in the ru-

men (Grenet et al. 1989; Roger et al. 1990; Kamra et al. 2003).

Direct enumeration and marker techniques have been de-

veloped for the estimation of fungal populations in the rumen.

Zoospore counts could not be used to estimate fungal biomass

because they do not take into account the thallus stages that

produce them (Orpin 1994). Furthermore counting zoospores

is both time consuming and difficult (Denman & McSweeney

2006). Fungal growth was also assessed by biochemical

markers such as the measurement of phospholipids (Orpin

& Letcher 1979) and the amount of hydrogen or formic acid

produced by the culture (Lowe et al. 1987; Mountfort & Asher

1985). However, these assays are frequently interfered with

by chemicals in the growth media and rumen fluid and there-

fore cannot be used to accurately estimate the growth of rumi-

nal fungi (Orpin & Letcher 1979). Chitin as a component of the

cell wall of anaerobic fungi has also been used as a marker of

fungal populations (Phillips & Gordon 1989; Rezaeian et al.

2004). However the chitin content of rumen fungal cell walls

may vary according to the species, their age and conditions

of growth (Gay 1991).

With recent advances in molecular enumeration methods,

in particular 18S rDNA gene probing methods, researchers

were able to monitor fungal species within the rumen (Stahl

et al. 1988). However due to the high level of conservation

within the fungal 18S DNA gene sequence (Bowman et al.

1992), the more variable internal transcribed space 1 region

(ITS1) provides a more appropriate gene sequence for species

identification. Despite the recent introduction of real-time

PCR method for the rapid quantification of the target DNA

sequences (Freeman et al. 1999), the use of the quantitative

competitive PCR (QC-PCR) technique continues to play an

important role in nucleic acid quantification because it is

more cost effective (Franz et al. 2001). The procedure relies

on the co-amplification of the sequence of interest with a seri-

ally diluted synthetic DNA fragment of known concentration

(competitor), using a single set primers (Gaiger et al. 1995;

Lion et al. 1992). In rumen microbial ecosystem studies, this

method has so far only been used to quantify rumen bacteria.

This study describes the development of QC-PCR assays, and

assesses its validity for relatively quantifying rumen fungi

populations in both in vitro and in vivo systems.
Materials and methods

Validation of quantitative competitive PCR assays
Sample preparation
Samples of wheat straw were chopped (2–5 cm) and 160 g of

chopped samples were soaked in 3 L of NaOH solution (10 %

w/v) in a closed plastic bag for 80 h. Treated straw (TS) was

washed under tap water until the yellow colour resulting

from the NaOH treatment was eliminated. The same amount

of chopped samples were also washed under tap water for us-

ing as the control (untreated, US). Then treated and untreated

straw samples were dried using air forced oven dry (95 �C,
24 h), weighed and milled (1 mm screen) (Rezaeian et al.

2005). Wheat straw was used as the carbon source for growth

of the rumen anaerobic fungi in in vitro system.

Isolation and culturing of rumen anaerobic fungi
Rumen fungi were isolated from the wheat straw incubated in

the rumen of a fistulated steer (Rezaeian 1996) and grown us-

ing the procedures described by Joblin (1981) under anaerobic

conditions at 39 �C for 3 d. These isolates were then used as

a source of inoculum for further experimental studies. Serum

bottles containing 90 ml of fungi culture medium and 1 g of

treated or untreated wheat straw were used to culture the iso-

lated fungi at 39 �C. Sub-culturing was done three times to ob-

tain pure cultures. The identification of these pure fungal

cultures was confirmed using specific anaerobic rumen fungal

primers.

Measurement of chitin
150 mg of the air-dried samples from in vitro cultures were hy-

drolyzed with 6 ml of 6 N HCl for 4 h in 105 �C. After cooling,

the hydrolysate was centrifuged at 3200 rpm for 30 min at

4 �C. Then, supernatant was filtered using a 0.45 mm filter

and freeze dried. The chitin contents of each sample were de-

termined from the glucosamine hydrochloride equivalent

resulting from hydrolysis as described by Chen & Johnson

(1983).
Comparison of fungal biomass of different diets by
quantitative competitive PCR assays
Rumen sampling
Samples of rumen fluid and digesta were collected from four

fistulated Holstein steers (live weight¼ 250� 18 kg) which

were fed four diets in a 4� 4 Latin square design with 21 d pe-

riods; 17 d diet adjustment and 4 d sample collection. The

basal diet was formulated to contain alfalfa hay, barely grain,

soybean meal and sugar beet pulp (400, 290, 190 and 50 g kg�1,

respectively). Starch (St) or sucrose (Su) or a 1:1 mixture of

starch and sucrose (Stþ Su) was added to the control diet at

the rate of 70 g kg�1 DM. Diets were offered as 2–2.5 times of

maintenance requirements (7 kg DM/d). Details of treatment

are given in Table 1. Samples were taken at the end of each pe-

riod just 6 h after feeding, from the central portion of the ru-

men with initial course filtration through an insect screen

with a medium mesh size (2� 1.5 mm) (Denman & McSwee-

ney 2006). Rumen pH was measured directly (691 pH meter)

and rumen ammonia–N was determined by steam distillation

(Kjeltec Auto, 1300, Foss Electric, Copenhagen, Denmark). The

pooled filtrate which was used for DNA extraction, in excess of

200 mL per sampling, contained digesta plant particles and ru-

men fluid.

DNA extraction
Total genomic DNA was isolated using Guanidine Thiocya-

nate–Silica Gel method (Boom et al. 1990). For rumen samples,

0.5 mL aliquot was taken from the 200 mL sample using

a wide-bore pipette, so as to ensure that a homogeneous sam-

ple containing plant particles and liquid was obtained. For

pure cultures, genomic DNA was extracted from biomass



Table 1 – Composition of the experimental diets (%) fed to
four rumen fistulated steers

Item Treatmentsa

Basal diet St Su Stþ Su

Alfalfa (%) 40 40 40 40

Concentrate (%) 60 60 60 60

Barley 36 29 29 29

Soybean meal 19 19 19 19

Beet pulp 5 5 5 5

Starch – 7 – 3.5

Sucrose – – 7 3.5

St: Starch as 70 mg g�1 DM.

Su: Sucrose as 70 mg g�1 DM.

Stþ Su: Starch as 35 mg g�1 DM and sucrose as 35 mg DM�1.

a Basal diet: alfalfa hay, barely grain, soybean meal and sugar beet

pulp (400, 290, 190 and 50 g kg�1, respectively).
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harvested by centrifugation (2000 rpm, 10 min) from broth

medium (Fliegerova et al. 2006).

PCR primers and amplification
The general anaerobic fungal primers (GAF) previously

designed by Denman & McSweeney (2006) from multiple

alignments of fungal 18S ribosomal and ITS1 gene sequences

were used in this study and are listed in Table 2. PCR amplifi-

cation of rumen anaerobic fungi DNA produces a 110-bp prod-

uct when amplified with the universal primers. The PCR

mixture contained 50 ng of template DNA, 2 ml 10� PCR buffer,

2.5 mM MgCl2, 200 mM each dNTPs, 10 pM of each primer and

1 U Taq DNA polymerase. The PCR was performed in a final

volume of 25 ml sealed in a capillary tip, and thermocycling

was carried out in a model 2000 (Biometra). The PCR amplifica-

tion condition was as follows: denaturation at 94 �C for 4 min

followed by 40 cycles of 94 �C for 30 s, 56 �C for 30 s, and 72 �C

for 1 min. The PCR products were analyzed by running on 2 %

agarose gels containing ethidium bromide, and visualized for

a single specific band and the absence of primer dimer prod-

ucts by UV trans-illumination.

Construction of the standard control
The non-homologous competitor (standard control) was

designed to contain GAF-universal primer binding sequence
Table 2 – PCR primers for amplifying target and
non-homologous competitors

Target species

Anaerobic rumen fungi

GAF1 50-GAGGAAGTAAAAGTCGTAACAAGGTTTC-30

GAF2 50-CAAATTCACAAAGGGTAGGATGATTT-30

Enterobacteria phage lambda

LaGAF1 50-GAGGAAGTAAAAGTCGTAACAAGGTTTCaGAA

GTTCGCAGAATCGTATGTG-30

LaGAF2 50-CAAATTCACAAAGGGTAGGATGATTTaGCTG

TGGACATAGTTAATCCG-30

a The 50 ends of hybrid primers contained a GAF-universal

sequence.
of w25 bp at ends encompassing a phage sequence (phage

lambda sequence location 46 775–46 797 and 46 891–46 912, re-

spectively, according to GenBank accession no. NC_1416). The

standard control was generated by amplification of the enter-

obacteria phage lambda DNA with hybrid primers (Fig 1). The

hybrid primers are listed in Table 2. The PCR was performed in

a final volume of 25 ml sealed in a capillary tip, and thermocy-

cling was carried out in a model 2000 (Biometra). The PCR am-

plification conditions were as follows: denaturation at 94 �C

for 4 min followed by 35 cycles of 94 �C for 30 s, 56 �C for

30 s, and 72 �C for 1 min followed by a final extension at

72 �C for 5 min. The PCR products were separated by electro-

phoresis in agarose gels, stained with ethidium bromide,

and visualized by UV trans-illumination.

Quantification of PCR products
The PCR products were quantified by photographing agarose

gels with Polaroid 665 film (Polaroid, St. Albans, England),

which produce a negative image of the photograph. The neg-

ative was scanned with a GS-670 image densitometer (Bio-

Rad, Hercules, California, USA) and analyzed with ImageJ

1.38x software (National Institutes of Health, USA). To cor-

rect for differences in the fluorescence of ethidium bro-

mide-stained PCR fragments of different size (Piatak et al.

1993), the intensities of amplified standard control was mul-

tiplied by the ratio 110/191.

Statistical analysis
Statistical analyses of the data for evaluation of the effect of

treatments on the changes of fungal populations, rumen pH

and ammonia–N were performed by ANCOVA (analysis of co-

variance) and ANOVA using the GLM procedure of SAS. Since

the intensity of amplified target bands is linearly related to the

intensity of standard-control bands, for increasing precision,

ANCOVA were performed for these data and the intensity of

standard-control bands used as a co-variable (Snedecor &

Cochran 1967). Plotting the chitin assay’s results against the

QC-PCR’s was evaluated by simple regression by using JMP

software (ver 7.0, SAS Institute Inc., USA). Duncan test was

carried out at the 5 % (P< 0.05) and 1 % (P< 0.01) level to deter-

mine the statistical significance of differences between

treatments.
Fig 1 – Construction of non-homologous competitor with

hybrid primers. The PCR product (191-bp) was purified and

used as the standard control.
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Results

Validation of quantitative competitive PCR assays

PCR amplification using the anaerobic fungal primers (GAF)

produced fungal-specific amplicons (Fig 2) of the expected

(110 bp) size found by Denman & McSweeney (2006). PCR am-

plification of the enterobacteria phage lambda DNA using

overhang primers (LaGAF) produced the expected size

(191 bp). The relative amplification efficiencies of target and

standard-control DNA were determined from a plot of the

log ratio of intensities of the amplified target DNA to standard

control against the concentration of standard-control DNA.

Co-amplification of DNA from pure culture (55 ng ml�1), with

dilutions of the standard control (Fig 2) resulted in a line
Fig 2 – Standard-control amplification efficiency. Dilutions of sta

and the log ratio of intensities of amplified target DNA to standa
with a slope 0.868 and a high positive correlation (R2¼ 0.97).

This indicated that the target and control standard DNA

were amplified with an appropriate equivalent efficiency.

The line which intersects the x axis at 10�4 (Fig 2), indicated

that this dilution of the standard control was optimal for the

detection of 55 ng ml�1 DNA of the pure culture.

In order to compare the accuracy of chitin assay and QC-

PCR method, the inter-assay precision was determined by

computing the coefficients of variance (CV) of the obtained

data for each method (Table 3). Determination of variation

was done in 1 ml culture medium samples in four replicates

per each treatment for chitin measurements and DNA extrac-

tion. Using both QC-PCR and chitin assays it was shown that

growth of rumen fungi was significantly (P< 0.05) higher in so-

dium hydroxide treated samples compared with untreated

straw during the 12-d incubation period (Table 3). There
ndard control were coamplified with DNA from pure culture,

rd was plotted against the dilutions of the standard control.



Table 3 – Changes in chitin content (mg mlL1 of culture
medium) and the log ratio of intensities of amplified
standard control to target DNA (arbitrary unit) during 12 d
growth of rumen anaerobic fungi on untreated (US) and
sodium hydroxide treated (TS) straw

Method Treatment Mean SE CV

Chitin assay TS 6.622a 0.511 18.90 %

US 4.888b 0.210 10.90 %

Competitive PCR TS 0.133c 0.185 3.40 %

US 0.082d 0.163 4.85 %

Values are mean of four replicates means in the same row with

different superscripts differ significantly (P< 0.05) for each item;

SE: standard error of mean.

Fig 3 – Relationship between chitin content (mg mlL1) and

competitive PCR’s results (arbitrary unit) in the culture me-

dium containing untreated (a) and NaOH treated (b) wheat

straw during 12 d growth of rumen anaerobic fungi. Cell

wall chitin content for 1, 10L0.5, 10L1 and 10L1.5 of serial

dilution were contained 4.42, 0.88, 0.176, 0.035 and 6.32,

1.26, 0.25, 0.05 mg mlL1, for untreated and treated wheat

straw respectively. In each dilution 3 signal bands were

used for analyzing the log ratio of intensities of amplified

target DNA to standard.

1150 M. H. Sekhavati et al.
were high correlations between the levels of cell wall chitin

that were assessed by chitin assay with competitive PCR’s re-

sults for both untreated (Fig 3a) and sodium hydroxide treated

straw (Fig 3b).

Comparison of fungal biomass, pH and ammonia–N
concentration in different diets

The results of using QC-PCR to assess the effects of changing

the diet on the biomass of rumen fungal populations in situ

is summarized in the histograms in Fig 4a. This data is also

correlated with both levels of ammonia and pH (Fig 4b,c). Diets

containing non-structural carbohydrate all decreased rumen

fungal populations in comparison with those found on ani-

mals fed the basal diet (Fig 4). Fungi biomass was the lowest

for diet containing the mixture of starch and sucrose

(P< 0.05). Ammonia–N concentration was lower when steers

were fed on St or Su rather than on the basal diet (P< 0.05),

although there was no significant differences in pH between

any of the experimental diets (Fig 4).

Discussion

Anaerobic rumen filamentous fungi form extensive, often

intramatrical, rhizoidal systems which makes accurate enu-

meration using a microscopic impractical (Dehority & Orpin

1997). Enumeration of anaerobic fungi as thallus-forming

units (TFU) is an end-point dilution procedure based on the

most probable number (MPN) technique. The MPN method de-

veloped by Theodorou et al. (1990) and Obispo & Dehority

(1992) consistently yielded higher fungal counts when com-

pared with direct microscopic counts (Dehority & Orpin

1997). One serious problem with these methods is that the ru-

men fungi often grow as a nonhomogenous culture and can-

not be accurately serially diluted. Another approach taken to

assessing rumen fungal populations is to assay biochemical

markers, such as chitin assay was used for assessing rumen

fungal biomass (Orpin & Joblin 1988; Rezaeian et al. 2004).

However, the likely interference of glucosamine present in

bacterial cell walls with this assay (Lehninger et al. 1993) and

the possible contamination with aerobic fungi (Orpin & Green-

wood 1986) may affect the efficacy of this method.

Real-time PCR method has recently become established as

a standard protocol to obtain quantitative PCR data. However,
it is a relatively expensive technique. Consequently we have

attempted to evaluate the use of the much more cost-effective

quantitative competitive PCR technique (QC-PCR) in the eval-

uation of rumen fungal populations using non-specific

primers designed for anaerobic rumen fungi by Denman &

McSweeney (2006). In an in vitro system we evaluated the effi-

cacy of this technique on either untreated or sodium hydrox-

ide treated of wheat straw over a 12-d period as described by

Rezaeian et al. (2004) and directly compared the data with

estimates of fungal biomass using the chitin bioassay. The

results confirmed the findings of Rezaeian et al. (2004) that

straw treated with sodium hydroxide supported a higher bio-

mass of anaerobic rumen fungi. There was a high positive cor-

relation (R2� 0.87) between the results obtained with the two

methods. Furthermore the low mean values of CV (Table 3) in



Fig 4 – Quantitative changes of rumen anaerobic fungal

populations (the mean of intensity of amplified target bands

for each treatment (arbitrary unit)), rumen pH and ammo-

nia–N concentration (mg mlL1) in steers fed with different

diets (basal diet: alfalfa hay, barely grain, soybean meal and

sugar beet pulp (400, 290, 190 and 50 g kgL1, respectively),

St: Starch as 70 mg gL1 DM, Su: Sucrose as 70 mg gL1 DM,

St D Su: Starch as 35 mg gL1 DM and sucrose as

35 mg DML1).

Table 4 – Appropriate mean slopes and high positive
correlations which obtained with plotting the log ratio of
intensities of amplified target and standard-control DNA
for per sample of each treatment to dilutions of the
standard control (values are mean of four replicates in
each treatment)

Treatmenta Slope R2

Basal diet 0.85� 0.08 0.96� 0.01

Su 0.88� 0.05 0.95� 0.01

St 0.89� 0.09 0.97� 0.01

Stþ Su 0.78� 0.07 0.98� 0.01

St: Starch as 70 mg ml�1 DM.

Su: Sucrose as 70 mg ml�1 DM.

Stþ Su: Starch as 35 mg ml�1 DM and sucrose as 35 mg DM�1.

a Basal diet: alfalfa hay, barely grain, soybean meal and sugar beet

pulp (400, 290, 190 and 50 g kg�1, respectively).
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repeatability (CV¼ 3.40 % and 4.85 % for ST and UT, respec-

tively) in the QC-PCR method compared with the chitin assay

protocol (CV¼ 18.90 % and 10.90 % for ST and UT, respectively)

indicates that the molecular method is more reliable than the

chitin assay for evaluation of changes in fungal biomass. Ap-

propriate slope and high positive correlation (R2¼ 0.97) of DNA

from pure culture with dilutions of the standard control indi-

cated that standard control and target DNA amplified with

equivalent efficiency in the same reaction. Furthermore, it

showed that the synthetic standard control was suitable for

the QC-PCR reaction (Fig 2). PCR amplification of rumen micro-

bial DNA using the anaerobic fungal primers (GAF) designed

by Denman & McSweeney (2006) produced fungal-specific

amplicons of the expected size (110 bp). Using these primers

for evaluating the changes of anaerobic fungal biomass in

this molecular approach can be one of the advantage of this

method versus the chitin assay, because these specific
primers cannot amplify contaminants of non ruminant fungal

DNA (Denman & McSweeney 2006) that may exist in the sam-

ples or the animal diet, whereas these contaminates may be

detected with the chitin assay (Orpin & Greenwood 1986).

However, in silico analysis and generation of new sequence

data that where obtained by Edwards et al. (2008) confirmed

that the area of the ITS1 region which had been targeted pre-

viously by published molecular-based methods (Brookman &

Nicholson 2005; Denman & McSweeney 2006) was not con-

served in more recently generated sequence data (i.e. Anaero-

myces sp. GE09). Therefore the current primers may not be

detecting all rumen anaerobic species.

The use of conventional and QC-PCR is to some extent re-

stricted by the presence of PCR inhibitors that maybe exist

in rumen fluids (Degraves et al. 2003; Harms et al. 2003; Klas-

chik et al. 2002; Tichopal et al. 2004). These inhibitors can dra-

matically reduce the sensitivity and amplification of PCR

(Dieffenbach & Dveksler 2003). However the plot of log ratio

of intensities of amplified target and standard-control DNA

per sample of each treatment in in vivo conditions to dilutions

of the standard control suggest that the efficiency of QC-PCR

was not influenced by inhibitors in these experiments

(Table 4).

Under our in vivo conditions study, the results of QC-PCR

showed that the rumen fungal population was decreased by

diets containing non-structural carbohydrates compared

with the basal diet (P< 0.05) (Fig 4). The lowest overall fungal

detection was in diets supplemented with a mixture of starch

plus sucrose that followed by diets containing starch and su-

crose, respectively (Fig 4). So, this decrease in measured fungal

biomass was likely due to these carbohydrates. The results of

this study are in agreement with previous results that indi-

cated diets rich in soluble carbohydrates resulted in rapid fer-

mentation and inhibited the production of zoospores in the

rumen (Grenet et al. 1989; Roger et al. 1990; Kamra et al.

2003). But, the present results indicated that the presence of

non-structural carbohydrate diets did not alter ruminal pH

6 h after feeding (Fig 4). Khezri et al. (2009) demonstrated

that the rumen pH was not affected as sucrose replaced starch

(7.5 % of diet DM) in dairy cow diet. This is in agreement with

the conclusions drawn by Mould et al. (1983) who conducted
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an in vivo study to evaluate the effect on grass hay digestion of

incrementally increasing grain in the diet while maintaining

ruminal pH by infusing bicarbonate. In their experiment,

they observed that the depression in the extent of grass hay

digestion was substantially, although not completely, over-

come by maintaining ruminal pH. The inability to completely

alleviate the impact on NDF (neutral detergent fiber) digestion

was attributed to what they called a ‘‘carbohydrate effect’’. It

is thought that the effect that the presence of non-structural

carbohydrate has on fiber digestion, which is almost entirely

carried out by rumen fungi (Akin et al. 1990), is due to the direct

effect of these substrates in decreasing the rumen fungal pop-

ulation. One suggestion proposed to explain the effect of non-

structural carbohydrates on decreasing fiber digestion is that

cellulolytic microbes are unable to compete for essential nu-

trients, such as N compounds, during the rapid fermentation

of carbohydrates (El-Shazly et al. 1961).

Despite the widespread application of real-time PCR tech-

nology in quantitative PCR assays, this method is relatively

expensive and requires a high level of technical support.

Based on our results, this technique could be replaced, at least

in many studies, with the simpler less technologically de-

manding QC-PCR. It provides a relatively quick simple and re-

liable method for the relative quantification of rumen

anaerobic fungi populations and is suitable for use in labora-

tories with low budgets.
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