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Abstract. The fatty acid methyl esters of lipids extracted from an agricultural soil in the preharvest period
of soybean or middle growth cycle from wheat were characterized and quantified by gas-liquid
chromatography. The fatty acids 1&&and 16:5 were used as markers of saprotrophic and arbuscular
mycorrhizal fungi. In parallel, biomass estimation through plate counts in selective media for cellulolytic
and saprotrophic fungi was also performed all throughout a soybean crop or middle growth cycle of
wheat. As an enzymatic method, the fluorescein diacetate (FDA) hydrolytic activity of the samples was
determined. Owing to the high relationship exhibited by FDA hydrolysis with organic carbon and total
nitrogen content of soil, the enzymatic activity was correlated with the microbial biomass estimated
through marker lipids or plate counts. The results obtained point out that FDA hydrolysis may be used
as a rapid, cheap, and reliable estimator of fungal biomass.

Soil microbial biomass comprises 1%—-4% of the totalperturbations (e.g., tillage, herbicides, fertilizers) on the
organic carbon [3], and 2%-6% of the total organicstatus of soil microbial diversity and amount is crucial
nitrogen [19] in soil. Microorganisms, despite their rel- for the understanding of their impact on soil quality and
atively low amounts, play the crucial role of keeping the the sustainability of agricultural practices [33].
main nutrient cycles in soil (C, N, P, S) throughrecycling  Enzymatic activities as a simple approach to the
from organic matter. The latter is fundamental not onlystudy of microbially mediated processes may correlate
for primary production, but for the long-term functioning with microbial biomass. However, few studies have at-
of ecosystems as well [13, 14, 32]. tempted to make such a correlation between microbial
Microbial biomass is very dynamic in soil and re- piomass and soil enzymatic activities, and with the pres-
sponds to weather, crop input, season, soil type, andnce and activities of specific components of the micro-
landscape position [15, 28]. Because of its rapid turn+ia| community. B-N-acetylglucosaminidase activity
over, microbial biomass is a sensitive indicator of g significantly correlated with estimates of fungal bio-
changes in climate, tillage systems, crop rotations, angh,ss, based on the content of two fungus-specific indi-
pollutant toxicity [28]. Thus, the quantitative determina- cator molecules, 18w phospholipid fatty acid (PLFA)

tlondof tlheb?mougtshof m'Cro'F"a' bllomas;s Itnt Solllf'ntﬁ and ergosterol [20]. Endo 1g@-glucanase/cellobiohy-
rapid, refiable, and cheap way s an important task for tngy | 5 ;e activity was significantly correlated with the
appraisal of fundamental biological and biochemical aCp| FA-based estimate of fungal biomass in the soil, but
tivities, e.g., microbial respiration, enzymatic activities. ’

: S . no correlation was found with ergosterol-based estimates
Furthermore, microbial biomass must be taken into ac- .
i . .. of fungal biomass [20].
count in any set of data for the assessment of soil quality o : . . -
Within enzymatic activities, the hydrolytic activity

[13] and to estimate microbial respiration in soil [9]. It R . "
has been stated that the ability to assess the effect (ﬂ‘f 3',6-diacetylfluorescein (FDA) encompasses a wide
spectrum of them. In fact, FDA is hydrolyzed by a

Correspondence tavl.A. Aon; email: maaon@criba.edu.ar number of different enzymes such as proteases, lipases,
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Table 1. Soil physico-chemical variables for the same agricultural soil under summer (soybean) and winter (wheat) crops

Crop OC (%) TN (%) C/IN P (ppm) pH EC (dS/m) BD (g/cnT)
Soybean 3.59 041 0.24+ 0.02 152+ 1.9 37+ 15 5.42+ 0.27 0.17+ 0.02 0.9+ 0.1
Wheat 3.72- 0.08 0.28+ 0.03 13.2+ 15 20+ 4 5.67+0.11 0.05+ 0.01 0.91+ 0.11

The normal P content of soils from the El Salado river basin is 3—7 ppm. The high P values determined in the top soil profile (0—10 cm) are
owing to superphosphate triple addition (SPT 0-46-0: 74 kg/ha on the row).

and esterases [30]. Moreover, it has been used to detecheck whether the FDA hydrolytic activity could be used
mine amounts of active fungi and bacteria [7, 18, 30, 31].as a simple, rapid, and reliable method for estimating
When taken up by cells, FDA is cleaved by esterases anflingal biomass. In order to achieve this aim, we used
retained inside as fluorescein, i.e., the product of thisdifferent methods (marker lipids and CFU counting) for
enzymatic conversion, which can be visualized by fluo-the estimation of mycorrhizal and saprotrophic fungal
rescence microscopy or quantified by fluorometry orbiomass.
spectrophotometry [11, 26].

Our previous data showed that fungal biomass was .
higher (10-30:1) with respect to the bacterial one in soils'vlaterIaIS and Methods
from the EIl Salado river basin (Buenos Aires, Argentina;3',6'-diacetylfluorescein (FDA) and fluorescein sodium salt were pur-
Aon et al. unpublished results). Soil fungi often make upchased from Sigma Chemical Co. (St. Louis, MO). All reagents used
at least 75%-95% of the soil microbial biomass and,"ere of analytical grade.
together with bacteria, are responsible for about 90% ofoil characteristics and sampling procedure.The soil examined
the total energy flux of organic matter decomposition in(Argiudoll aquic) in the EI Salado river basin (center east of the
soil [8, 26]. Saprotrophic fungi and mycorrhiza are province of Buenos Aires, Argentina) presents a high content of OC

amona the main aroups of microorganisms associateéc)a. 3%) and acid pH (between 5 and 6) (see Table 1), corresponding
g g P g a natural grass land (28 ha) that was conventionally managed only

with plant roots. As obligate symbionts, mycorrhizal yyo years earlier to the date of the startup of the present experiment
fungi are associated with nearly all plants. Particularly,(October 10, 1998) [9]. In this work, microbiological, enzymatic,

arbuscular mycorrhiza (AM) or vesicular-arbuscular my- physical, and chemical variables were monitored in two depths, D1
corrhiza (VAM) (depending upon whether the fungi pro- (5—10_cm) and D2 (15-20 cm), before pIO\_/ving and seeding (TO), at the
duce vesicles in the root cortex of the host plant) are tm_{;lowenng stage (T1), and preharvest period (T2), respectively, of the

. . L Soybean crop Glycine max(L.) Merr.], or middle growth cycle of
most frequently found in nature and W'dely distributed wheat [Triticum aestivurp(T3). We did a composite stratified random

geographically and in the plant kingdom [17]. The mosti.e., serpentine [10]) sampling method distributed in row and inter-row
important advantage obtained by plants involved in my-locations. Soil samples were collected for enzymatic, microbial, and
corrhizal symbiosis is related to nutrient uptake andphysico-chemica_l tests, by using a Zo-mm (i.d.) hand probe to a depth
translocation contributed by the fungus, especially that Of)f 20 cm. The soil columns corresponding to the 5-10 cm or 15-20 cm

. . Lo depth were directly stripped from the hand probe. At the places where
phosphorus [26]' Given the geographlcal Ublql‘"ty of each sample was collected, we pooled five to six subsamples in a square

fungi that take part of AM or VAM, and that the great of ca 3 n2
majority of plants are associated with them, we expect

. . . .. . . Analysis of lipid fatty acids and fungal biomass estimationIn order
them to contribute to soil fertility. This is a timely topic to detect the presence of mycorrhiza and saprotrophic fungi in the top

for soils from the El Salado river pasin owing to the sgj profile (D1 = 5-10 cm) with the molecular markers fatty acid
well-known fact that they are poor in P [9]. Thus, the 16:1»5 and 18:26, respectively, a lipid extraction from the soil
estimation of mycorrhiza| fungi biomass is of impor- samples (200 g dry soil) was performed with a 2:1 chloroform:metha-
tance. For AM fungi the Signature fatty acid 163 nol mixture and sonication (¥ 20 min). The methanolic phase was

. . . . discarded, and the chloroformic phase containing the total of lipids was
provides a promising tool for the estimation of VAM dried, concentrated, and saponified with 10% KOH in ethanol at 80°C

funga_-l blomasfs in soil and rqots [22, 23]. For eCtO_my'for 45 min in N, atmosphere. The fatty acids were extracted with
corrhizal fungi, 18:®6,9 dominates among fatty acids nexane after acidification and were esterified with boron trifluoride

and can be used as an indicator of mycelial biomass 0f0% in methanol. Fatty acid methyl esters (FAME) were analyzed by

these fungi. The fatty acid 1845 accounts for 43% of 9as liquid chromatography on a 30-m DB-23 phase J&W Scientific

the total fatty acids of 47 species of soil fungi Whereas’capillary column in a Hewlett Packard model 6890 gas chromatograph

. ] . . . . equipped with a flame ionization detector. The column temperature was
the fatty acid 16:05 is found especially in the AM fungi programmed for a linear increase of 3°C/min from 160° to 220°C.

genusGlomus[26]. Identification of the fatty acids 165 and 18:26 was achieved by
Thus, the main objective of the present work was tousing the retention times on a chromatogram with soil fatty acids
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previously determined through gas chromatography and mass sped-able 2. Quantitative comparison between culture-dependent (CFU)

trometry. and culture-independent (fatty acids) methods of estimation of soil
The amount of fungal biomass was estimated from molecularmicrobial biomass

markers, phospholipid fatty acid (PLFA) 16i% (mycorrhiza) and

18:2w6 (saprotrophic fungi). The total of fatty acid methyl esters of Fungi (g biomass kg* d.s.)
lipids for each sample was quantified, and the percentage of phospho-

lipids (25%) as well. The amount of 16y5 (MW = 268.4) or 18:36 Method and Treatment Saprotrophic AM
(MW = 294.5) methyl ester present in each sample was determined by

comparison with an internal standard from chromatograms and wa§FU Soybean 2308 —
converted to saprotrophic or mycorrhizal fungal biomass through the Wheat 1.37+0.38 —
following conversion factors: 1.5 nmol PLFA 16:% mg * dry bio- FAME Soybean 0.430.33 0.57=0.18
mass and 2 nmol PLFA 185 mg * dry biomass [24]. Wheat 0.46+ 0.08 1.26= 0.53

Microbial counts and fungal biomass estimation.Viable counts for  For the procedure of calculation and assumptions, see Materials and
fungi were performed in a rose bengal-streptomycin agar containing\jethods.Key for abbreviationsCFU, colony-forming units; FAME,

(per liter): 10 g glucose5 g peptonel g K;HPO, 0.5 9 MgSQ +  fatty acid methyl ester; AM, arbuscular mycorrhiza; d.s., dry soil.
7H,0, 0.033 g rose bengal, 15 g agar. Streptomycin was added after

autoclaving in the form of a filter-sterilized solution at a final concen-
tration of 30pg/ml [27].

Cellulolytic fungi were counted in a slightly modified cellulose- after plating [34]. Eighty to 100 soil particles were plated in malt agar
yeast extract agar [1] containing (per liter): 2.5 g cellulose powderwith glucose in the presence of 0.5% sulfate streptomycin and 0.25%
(swollen in 0.1IN HCI for 12 h in the cold chamber, and then washed chloramphenicol at a rate of four particles per plate. Plates were
by 5 times repeated suspending and decanting with distilled water untiincubated at 25°C and observed microscopically at 1-week intervals.
neutral), 1.2 g KHPGQ,, 1.0 g K,HPO,, 2.0 g NH,CI, 0.89 g MgSQ - Original taxonomic papers and reference [12] were used for identifying
7H,0, 0.5 g yeast extract, 10 mg adenine, 0.1 mg thiamine, 15 g agarsporulating fungi. The percentage frequency of occurrence for each
Cellulolytic fungi were counted in the presence of streptomycin at afungi species was calculated as: (number of particles bearing a speci-
final concentration of 3Qug/ml. After inoculation, plates (duplicates) fied fungus/total number of particle®) 100 [16]. Those particles that
were incubated either aerobically or anaerobically at room temperaturelid not give colonies or that became contaminated were not scored in
(22 = 3°C). the total number of particles.

Biomass estimates based on microbial counts can be pen‘orme%h ) hemical Total ) bon (OC) 1211 and
according to the following general expression [32]: ysico-chemical measurementdotal organic carbon (OC) [21] an

Kjeldahl N [6] were determined on dry soil samples (12 h at 105°C).
Biomass= number of cells: volumes density (1) Soil pH (pHmeter Orion SA230, Orion Research, Boston, MA) and

conductivity (conductivity/TDS meter Hach, Loveland, CO, USA)

The number of cells is given by CFU gdry soil obtained as described were measured on a soil:water 1:1 paste. Phosphorus levels were

above. Fungal biomass was estimated using eqn. (1) with the followingyuantitated according to [5].

parameters: density 1.2 g ¢ [26], and the hyphal volume was Soil water content was determined gravimetrically on samples

calculated considering an average diameter pibfor filaments and  taken with stainless steel cores of 72-mm diameter and 25-mm height.

10 m length of fungal mycelium per gram of surface soil [2], so that in Bulk density was determined as described in [4].

1 X 10* cells g * dry soil (CFU), the average volume of a filamentous o ) ] ] )

fungus will be given by: (2.5¢ 10~ m)? * 3.1416 * 10 m g * soil/1 X Statlstlcal_ analysis. Correlation and regression gnalyss were per-

10 cells g'* soil, that is, equivalent to 1.96< 108 ml cell2. formed with the software GraphPad Prl_sm verspn 2.0 (San _Dlego,

Applying Eqn. (1), we obtain 0.235 g biomass fungi Rgoil. In order CA). A t-test _(small samples, paireédest with two-tailP values, with

to express the latter result in kg fungal biomass'ha depth of 20 cm unknown variances assumed equal) was used to compare data between

was considered and the corresponding bulk density (see Table 1f°th crops.

Considering a bulk density of 1.0 g ¢y we obtain 470 kg fungal

i a1

blomass ha-. Results and Discussion

Measurement of fluorescein diacetate (36'-diacetylfluorescein) . . . .

(FDA) hydrolysis in soil. FDA hydrolysis was measured as described The physmo—chemlcal Varla_bles of _the SO_" a_lr_]alyzed_are

in [11], with slight modifications. Briefly, soil samples were condi- Shown in Table 1. They did not differ significantly in

tioned by passing them through a 2-mm sieve before use. For FDAboth crops analyzed except for P and electrical conduc-

hydrolytic activity measurement, soil was kept moist. Sieved soil (0-5tivity (EC.y).

g) was mixed with 5 ml of sodium phosphate buffer 6@,jpH 7.6, and

the reaction was started with the addition of 04.8 mv FDA. After ~ Fungal biomass estimation in soil. Fungal biomass

2 h incubation with shaking, the reaction was stopped by adding 5 mlestimated through the fatty acids 182(lipid marker of

of acetone. Before reading at 490 nm, the tubes were centrifuged for %aprotrophic fungi), 165 (lipid marker of mycorrhizal

min at 5000 rpm. FDA hydrolytic activity was expressed in the fol- f . d CEU plat ting is sh in Table 2. Dat

lowing units: mg fluorescein (Fluor) kg soil h™*. ungi), an plateé counting IS shown _m able 2. . aia
of Table 2 correspond to the same agricultural soil but

Fungal identification. The method described in [25] was utilized to v different crops, i.e., soybean preharvest and half-

observe fungi species as active mycelium. Briefly, after shaking a soil .
sample in water and fractionation, soil particles retained in 0.5 mmgrowth CyCle of wheat. Values obtained throth both

mesh were washed and transferred to a sterile filter paper in a Petri disf€thods differed only by a factor of two (soybean) or
and dried for one day to suppress vigorous bacterial and yeast growtivere similar (wheat) when the values obtained by FAME
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for saprotrophic and mycorrhizal fungi were added (Ta-TabIe 3. Relative percentage of each fungi species determined in an
ble 2)_ The rationale for doing the latter is that accordingagricultural soil from the El Salado river basin with soybean or

. heat
to pot culture studies, more than 80% of the AM fungalW eat crops

mycelium can be found outside the root [22]. When bothgng; spp. Soybean Wheat
methods of fungal biomass estimation were plotted
against each other, a clear correlation, although not sigrusarium oxysporum 27 28.6
nificant ¢ = 0.62; P > 0.05), appeared (results not Trichoderma koningii 18.2 125
shown). As a caveat, the values obtained by lipid markencilium thomii 14.6 4
. . . Zygorrhynchus moelleri 11.7 8.6
ers correspondmg to saproftroph|c fungi were plotted forrrichoderma saturnisporum 79 19.8
biomass, since plate counting does not quantify mycor+umicola fusco-atra 6.1 2.8
rhizal fungi. Penicillium rubrum 6.0 3.9
The amounts of saprotrophic or mycorrhizal fungal Sliocladium roseum 2.9 3.1
biomass estimated in soil were comparable to those alcricilium restrictum 16 0-5
. . P I'I'alaromyces helicus 1.6 0.3
ready repo_rted in th_e literature [24]. In(_je_ed, the_ amounkysarium solani 1.1 6.0
of mycorrhizal fungi was 0.35 g/kg soil in a soil from Gongronella butleri 0.7 0.3
Denmark with lower pH (5.2 against5.5) and organic  Trichoderma harzianum 0.2 5.4
0 ; 0 i Thielavia basicola 1.3 —
matter content (4% against6.3%) than those exhibited : >
by the soil analyzed in this work (see Table 1) Rhizopus nigricans b _
Yy . Yy ’ Myrothecium verrucaria 0.5 —
It is now accepted that culture-dependent methodsspergillus fumigatus 1.2 _
(e.g., CFU counting) do not allow access to many soilMucor hiemalis 0.4 —
microorganisms and that we can study only about 1% ofenicilium megasporum 0.3 —
the cells in a sample, which does not mean that we café(h"?‘etom'“m globosum - 0.5
It ly 1% of the species in the sample. The latter, ylindrocarpon didymum - 07
.Cu ur.e only 17 P ple. Cylindrocarpon obtusisporum — 0.2
is owing to the fact that, although 90—-99% of the cellsmortierella sp. _ 0.8
cannot be cultured, they would be represented by th@enicillium lilacinum — 0.2

culturable kin because they are phylogenetically similar o e 1 o fona , p e
or identical to the culturable minority [29]. Thus, the "¢ Percentage value for each fungi species was determined as
. ) . ) . described under Materials and Methods. The number of samples

coincidence in fungal biomass estimation between bothynaiyzed in soybean (T2) and wheat (T3) were=ri0 and n= 8,
culture-dependent and -independent methods is at leagispectively.
surprising.

. According to CFU counting, saprotrophic fungal js 5pserved was much more restricted than plate count-
biomass was 10- to 30-fold higher than bacterial biomass,

[Aon et al., unpublished results]. Table 3 shows the =, ¢, FDA hydrolytic activity strongly correlated
percentage occurrence of each fungi species in bot{)ih, oc (r= —0.58;P < 0.001) and TN (r= 0.787:
crops (i.e. Fusarium oxysporupf. solanj Trichoderma p _ 0.001) (Fig. 2), water-filled pore space (=
koningii, T. saturnisporumT. harzianum Penicillium —0.658;P < 0.001). These results suggest that FDA
thomii, P. rubrum Zygorrhynchus moelleyi Several of  pyqgrolytic activities integrate information from micro-
the genera presented in Table 3 have been shown 10 §gy| status (namely, fungal) and soil physico-chemical
able to hydrolyze FDA, e.gRenicillium Fusarium[18,  yngitions [Aon et al., unpublished results].

30]. Given the abundance of species belonging to both  gynihetically, enzymatic activities that hydrolyze
genera, it is likely that they are mainly responsible forepa may function as a sensitive estimator of fungal
FDA hydrolysis. biomass (saprotrophic and mycorrhizal), as could be
FDA hydrolysis. FDA hydrolytic activity exhibited a judged through comparison with culture-dependent and
linear relationship with fungal biomass estimated -independent methods.

through plate counting in both depths (O:= 0.608,

P < 0.001; D2:r? = 0.596,P < 0.001)(Fig. 1A, B) ~ ACKNOWLEDGMENTS
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Fig. 2. Scatter plots of the FDA hydrolytic activity as a function of
organic carbon (OC, A), and total nitrogen (TN, B) content of soil. The
enzymatic activities and physico-chemical variables were determined
as described under Materials and Methods. Plotted are the values
obtained from three sampling times during the soybean and wheat
crops (TO-T3; see Materials and Methods). Statistical analysis was
performed as described under Materials and Methods.

Fig. 1. Regression analysis and scatter plots of saprotrophic fungal
biomass estimated through plate counting in two depths: D1 (5-10 cm) 4. Arshad MA, Lowery B, Grossman B (1996) Physical tests for

(A), D2 (15-20 cm) (B), or 18:@6 lipid marker (C) as a function of
FDA hydrolytic activity. Correlation and regression analysis as well as

monitoring soil quality. In: Doran JW, Jones AJ (eds) Methods for
assessing soil quality, vol. 49. Madison, WI: SSSA Special Public,

the fungal biomass and enzymatic activity were determined as de- pp 123-141
scribed under Materials and Methods. In panel A, the equation relating 5. Bray RH, Kurtz LT (1945) Determination of total, organic and

fungal biomass and FDA hydrolytic activity is: ¥ 0.257* 0.040 X
— 0.623+ 0.349, whereas in panel B the equation is=Y0.208 =
0.033x — 0.271* 0.225. Plotted are the values obtained from four
sampling times (A, B: TO-T3; see Materials and Methods) or one

available forms of phosphorus in soil. Soil Sci 59:39-45

6. Bremner JM, Mulvaney CS (1982) Total nitrogen. In: Page AL
(ed), Methods of soil analysis, Part 2, 2nd ed, Agron. Monogr. 9.
Madison, WI: ASA and SSSA, pp 595-624

sampling time (C, T2; see Materials and Methods) during soybean 7. Brunius G (1980) Technical aspects of the use 08’ 3iacetyl

crop.
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