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ABSTRACT

The artificial dissemination of entomopathogenic fungi, under suitable environmental condi-
tions, may be an important tool for management of an insect pest and, if established, a sea-
sonal control method to maintain the pest population under an economic threshold level.
Recently two entomopathogenic fungi were discovered parasitizing the elongate hemlock
scale (EHS), Fiorinia externa Ferris (Homoptera: Diaspididae). One was found to cause an
epizootic within the population of the scale. Exploratory activities in New York showed the
expanding range of the epizootic. To assess the potential and viability of this fungus, a set of
biological parameters were measures from 26 of the 66 fungal isolates obtained from EHS.
Unique growth and sporulation characteristics were found. Both were higher at 25°C (range
of growth conditions between 15, 20, and 25°C [+ 1°C] spanning 20 days). Conidial germina-
tion occurred after 8 hours at 10°C, but it was significantly higher after 6 hours at 25 and 30°C
(range of growth conditions between 10, 15, 20, 25 and 30°C [+ 1°C] spanning 24 hours).
High viability for mass production was observed.
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INTRODUCTION

The eastern or Canada hemlock, Tsuga canadensis (L.) Carriére, plays a key role in forest
ecosystems by maintaining their stability. Itis particularly important along streams and creeks
where their shade provides shelter and sustains aquatic ecosystems and a unique microclimate
for forest and wildlife (Howe and Mossman 1995, Wydeven and Hay 1995, Crow 1995,
Howard et al. 2000). Hemlock is second only to sugar maple in terms of abundance in the
northern forest (Curtis 1959). The present decline of the hemlock forest is due to biotic and
abiotic factors often acting together. The primary threat consistently reported is the hemlock
woolly adelgid (HWA), Adelges tsugae Annand (Homoptera: Adelgidae), found infesting
half of the range of hemlock along the eastern seaboard (Knauer et al. 2002). The elongate
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hemlock scale (EHS), Fiorinia externa Ferris (Homoptera: Diaspididae), is becoming impor-
tant not only as a secondary pest enhanced by an initial stress from HWA but as a parallel
stress factor in hemlock decline. A rapid spread of EHS within the area of HWA has been
observed. Their highest abundance is within a 300-km radius of New York City (Danoff-
Burg and Bird 2002). EHS is present in Pennsylvania, Virginia, Massachusetts, Connecticut,
Maryland, New Jersey, Rhode Island, Washington D.C., southern New England and west-
ern Ohio (Garrett and Langford 1969, Johnson and Lyon 1988, Hoover 2003, USDA 2004).
Strong correlations have been found between HWA and scale infestation levels (Johnson and
Lyon 1988, Danoff-Burg and Bird 2002).

The EHS maybe is a greater problem than HWA, despite its secondary role. Its unique
shield-like cover or scale provides protection for the eggs and the adult from contact insecti-
cides, natural enemies and adverse conditions. Losses are soon replaced even with mortality
rates of 95% (Baranyovits 1953, Johnson and Lyon 1988). The EHS has probably caused
more decline of hemlock in terms of rapid tree mortality than HWA (Greg Hoover, pers.
comm.).

A chemical approach to the management of EHS or HWA is not environmentally viable
in a forest situation, so alternative measures have been developed: mainly the use of intro-
duced predators. One major factor when considering the use of predators in an open environ-
ment is the necessity for a rapid predator population build up before the trees become irre-
versibly damaged by the pest. In addition, sometimes it is difficult to maintain the population
of the predator in levels capable of controlling the pest. The elapse time between the release
and achieved biological control is large, sometimes spanning many years.

Scale insects are particularly susceptible to attack by fungi because only one stage is
mobile. Quantitative evidence of the importance of entomopathogenic fungi on arthropod
populations has been extensively reviewed (Samson et al. 1988), and their impact on armored
scales (Homoptera: Diaspididae) has been reported (Helle 1990a and 1990b). An epizootic
caused by a “black” fungus within the EHS population in the Mianus River Gorge Preserve
in Bedford, New York, was first reported by McClure (2002). Another parasitic ‘white fun-
gus’ has been recently isolated from EHS at the Entomology Research Laboratory (ERL),
University of Vermont.

Because the white fungus was found only occasionally and it was believed that the cause
of the epizootic was the black fungus, major emphasis was placed on the latter. This fungus
was found in a wide range of EHS sites and was easily cultured, producing high concentra-
tions of spores and different pigmentation when cultured, ranging from whitish-pink to dark
black (Gouli et al. 2004). It was first identified by Drs. Svetlana and Vladimir Gouli (ERL) as
Hypocrella sp., and the species was verified as the anamorph Aschersonia marginata Ellis and
Ever (Ascomycota: Hypocreales: Clavicipitaceae) by Dr. Zengzhi Li, Head of the
Entomogenous Fungal Branch of the Mycological Society of China. Doubts concerning the
identification still remain because Aschersonia spp. mainly grows in tropical or sub-tropical
climates, which are different from that in the northeastern US. It has subsequently been
identified as Fusarium merismoides by Drs. Humber and Rossman, Cornell Univ. and
Myriangium sp. by Dr. Nigel Hywel-Jones, National Center for Genetic Engineering and
Biotechnology, Thailand. DNA analysis is being done currently to clarify identification of
this fungus.
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Subsequent expansion from the initial focal point of epizootic observation towards other
populations of EHS in New York hemlock stands (Map 1) suggests that an alternative low
cost control method may be available. For effectiveness in the management of the scale through
the use of entomopathogenic fungi, a thoroughly understanding of the biology of the fungi
and their interaction with the host must be determined since they directly affect dissemina-
tion, establishment, and their self perpetuation of the pathogen. The research reported herein
was designed to assess some of these biological parameters: specifically growth, spore pro-
ductivity, and germination.

Map 1. Distribution of Aschersonia marginata within
different counties of New York (2004).
Source: New York State Department of
Environmental Conservation.
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METHODS AND MATERIALS

RATE OF GROWTH AND CONIDIAL PRODUCTION

Assays on the rate of growth and conidial production were done on 26 isolates of the fungus
selected randomly from a collection of 66 cultures obtained from different EHS fungal infes-
tation sites. These isolates had been held in long-term storage at -80°C. Ten pul of a 1x10°
conidial suspension were pipetted onto a 0.64 cm-diameter sterile disc of filter paper (Scleicher
and Schuell, Keene, New Hampshire, Grade 740E) in Petri dishes containing ~20 ml Potato
Dextrose Agar (PDA) (Difco®). This medium was used because the fungus starts to produce
conidial masses after ~72 hours on a high carbohydrate medium. The Petri dishes were held
in the dark in growing chambers and maintained at 15, 20, and 25°C (£ 1°C). The trial was
repeated twice with four replications per trial. The growth of each isolate was monitored at 5,
10, 15, and 20 days and the outer edges of fungal growth marked at each time period. At the
end of 20 days, growth at each time period was measured from the center point to the appro-
priate mark. Different stages of development of this fungus were present at the same time so
the Petri dishes containing the full grown cultures were placed individually in a mixer with
100 ml tap water and blended for 1.5 minutes to obtain a suspension representative of the
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conidial production per individual colony. The suspension was sub-sampled (0.5 ml) and
placed in a test tube with 4.5 ml of a Lactophenol-Cotton Blue Stain (VWR Scientific Prod-
ucts®) to dye spores and stop germination. Subsequent estimation of conidial production per
unit volume (1 ml) was assessed with an Improved Neubauer haemacytometer (Propper®).The
suspension in the test tube was vortexed for approximately 15 seconds and a drop deposited
on each side of the haemacytometer. Under 40x magnification, we randomly selected five
squares within each of the two haemacytometer grids and counted the number of spores. The
mean number of spores (A) was calculated by multiplying A by the test tube volume dilution
factor (10), then by the conversion factor 5,000 (Goettel and Inglis 1997), and finally, by 100
ml (original colony suspension). The data were converted to number of conidia per unit of
surface area (cm?) by dividing the conidial production per colony by the area of growth (IT r?).

GERMINATION

The quantification of the germination rate under different abiotic conditions (temperatures)
was determined by following the conidial development of the 26 colonies (four repetitions)
under a compound microscope (40x) after being incubated for 6, 8, 10, 12, 16, 20, and 24
hours on PDA (Difco®) at 10, 15, 20, 25, and 30°C (+ 1°C). Germination was present if germ
tubes were formed by individual conidia.

STATISTICAL ANALYSES

Data on fungal growth and sporulation were analyzed with an ANOVA (£ = 0.05) in SPSS®
for Windows® 12.0.2 statistical software to determine differences among treatments per ob-
servation period. A Scheffé test (£ = 0.05) was employed to identify significant differences
among treatments.

RESULTS

The conidial production (Figure 1) did not differ significantly among the 26 isolates (F = 0.87;
df = 25,130; P = 0.6). The differences were also not significant for the two trials (F = 3.58; df =
1, 154; P = 0.06) but significant for the three temperatures tested (F = 29.95; df = 2, 153; P <
0.001). Differences among all temperatures except for 15 and 20°C were statistically signifi-
cant (Figure 2).

The average growth/day (Figure 3) did not differ significantly among the isolates (F =
0.9; df = 25; 130; P = 0.56) but did between trials (F = 4.3; df = 1, 154; P = 0.04) and among
temperatures (F = 170; df = 2; 153, P < 0.001). The Scheffé test (+ = 0.05) showed differences
among all temperatures except for 20 and 25°C (Figure 4).

The conidial germination rate varied according to temperature, following a pattern of
increase over time. The maximum rate of conidial germination was achieved at the highest
temperatures (25 and 30°C) where 100% germination was reached after 8-10 hours (Figure
5). All isolates had reached 100% germination after 24 hours.
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Because all isolates did not differ significantly for both growth and conidial productiv-
ity within the different temperatures, a ranking system measuring individual performances
according to the tested parameters was developed to assess which isolates showed the most
promise as a biological control agent. Increasing levels of performance are equivalent to in-
creasing number in the ranking. The values were evaluated for the individual parameters and
for an overall measure across parameters (Table 1).

Table 1. Performance of individual isolates for the different parameters tested.

Isolate Conidia Growth Higher germination rate (hour = %)
# sz (X107) (mm/day) 100 C 150 C 200 C 250 C 300 C
35 21(+02)%  41(+04)°  16h=83%*"  12h=54%%* 8h=39%°"  8h=71%%'" 8h=57% %'
36 25(+02)° 47(*03)%  16h=95%*"7 12h=52%%* 8h=66% “'¢  8h=63% %6  6h=51%%*
37 26(+04)°  45(+04)°  16h=44%>! 8h=41%>%  8h=40%%!  6h=49%%'*  6h=74% %1
39 27047  46(+03)7  16h=68%>" 8h=40% ">  8h=40%%!  6h=55%%'  6h=74% %1
40  25(+03)° 45(+03)°  16h=54%"° 8h=42%""7  6h=41%°%  6h=51%%"  6h=75% %
41 30(+04)1°  48(03)°  16h=81%*2 10h=50% %' 6h=45% %% = 6h=57%%'"®  6h=68% %
42 25(+04)°  47(03)%  16h=86%*"  8h=43%"% 6h=34%">'""  6h=46%*"  6h=57%*°
43 27(+05)7  47(+x03)%  16h=57%** 10h=36%%'2 6h=37%">*2  6h=44%%'? 6h=59% *°
44 24(+03)*  3.8(+04)2  16h=81%*>2 10h=52%%" 8h=78%"°  8h=64%%7  6h=66% **
45 32(+0.6)"  47(+03)%  16h=78%*""  6h=33%">% 6h=43%""  6h=57%%" 6h=77%%"
46  33(+08)2 42(:=02)*  16h=58%%° 12h=35%%'® 8h=63%">"7  8h=60% %>  6h=50% 43
47 29(+02)°  42(03)*  16h=78%*"" 12h=32%""7 8h=56%>° = 8h=48%%*'  6h=78%*'6
48  20(+0.1)'  46(+03)7  16h=63%*° 8h=50%>°  8h=50% ">  6h=54%%'®  6h=72% %!
49  37(+03)8% 46037  16h=79%*>" 12h=45%%2" 8h=49%"* = 6h=55%%" 6h=68% *!°
50 29(+03)°  44(+02)°  16h=43%*' 8h=34%>* 8h=48%"®  6h=68%%* 6h=81% %"
51 20(+04)" 33(+03)' 16h=86%*' 12h=52%>?" 8h=45%"2 = 8h=68%%°  6h=44% %>
52 32(+04)"  45+04)°  16h=94%>'  8h=32%"% 8h=77%"%  8h=65%*%  6h=85% %'
53 29(+04)°  47(+03)%  16h=44%*'  10n=46%">" 8h=78%"°  8h=53%%>  6h=67%*’
55 24(04)* 46(+03)7  16h=72%">8 8h=28%>2  8h=76% %'  6h=57%%'®  6h=66% %*
56  28(+04)°% 46(+03)7  16h=72%*®  10n=29%">'"" 8h=54%"°  6h=60%%'  6h=86% %%
57 27(x03)7  46(+03)7  16h=77%>°  12h=24%>'® 8h=56%"°  6h=55%"'7 6h=69% '
58  2.1(+02)* 42(+03)*  16h=77%"*° 6h=66% >  6h=74% >  6h=89% *?'  6h=95% **!
59 29(+03)° 41(+04)°  16h=77%*°  10n=28%">'"" 8h=84%">!°  8h=81%%'""  8h=66% *®
61 27(03)7  46(+03)7  16h=52%>* 8h=32%%3 8h=66% %'  8h=50%%%?  6h=69% %!
63  23(+02)° 45(+03)% 16h=79%*" 12h=36%">" 8h=78%%'® = 8h=57%%*  6h=63% %’
66  2.6(+03)° 42(+03)*  16h=88%*" 16h=32%"' 8h=84%%"  8h=63%%°  6h=82%%'®

a - 100 % germination reached after 24 hours ¢ - 100 % germination reached after 16 hours

b - 100 % germination reached after 20 hours d - 100 % germination reached after 10 hours
(+ standard error) ranking value

CONCLUSIONS

The 26 isolates tested grew and produced a high number of spores at temperatures ranging
from 15 to 25°C. Also, they achieved 100% germination in a short period of time for tempera-
tures ranging from 10 to 30°C. Growth was more affected by temperature than spore produc-
tion. The rate of growth at 15°C was half that at 20 and 25°C. Although germination of the
isolates started at different times 90% of the isolates started to germinate after six hours when
the temperature was >15°C, and at temperatures 20 and 25° C up to 40-55% germination was
achieved for 90% of the isolates after this short period of time. At 30°C, this germination rate
was maintained with the exception of some outlier isolates, which reached 80-85% of germi-
nation.
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Different conclusions on the most promising isolates can be reached depending on the
parameters used (Table 1). Isolates 41, 45, and 58 had the highest rankings when considering
all the tested parameters together (growth, productivity, and germination). If trying to assess
the best isolates to grow under northeastern U.S. environmental conditions, isolates 35, 36,
and 45 provided better germination at lower temperatures with good productivity and rate of
growth.

Based on these positive results concerning major features required for the potential use
of entomopathogenic fungi for insect pest management (high spore productivity, growth,
and germination), mass production is critical. Subsequent research will focus in this area and
in assessing the virulence of these different strains against the EHS and other pests such as the
HWA.
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