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a  b  s t r a  c t

The overall  objective  of the  current  study  was to test  two  hypotheses:  (1)  application of  the  systemic

fungicide  Benlate to leatherleaf  fern results in long-term  increases  in  populations  of  deleterious  fluores-

cent pseudomonads  that  endophytically  colonize  rhizomes;  (2) such  endophytic  colonization,  resulting

from  Benlate  treatment,  is associated with  damage  to leatherleaf  fern  and development  of  symptoms  of

fern  distortion  syndrome  (FDS).  Mean  populations  of  fluorescent  pseudomonads  and total aerobic bac-

teria  in the  rhizosphere  were  significantly  increased  3 months  after  the  application of Benlate  50 WP

and  Benlate 50  DF  as foliar  sprays  and drenches,  compared  to  populations  in the  non-treated  control.  In

another  test, at  5 months  after  treatment,  endophytic  populations  of fluorescent  pseudomonads  inside

rhizomes  of plants  treated  with  Benlate 50  WP and Benlate 50 DF  (both from  DuPont)  were  significantly

higher  than  populations  in  rhizomes  of plants  treated  with  three  different  generic sources  of Benlate  50

WP,  the  active  ingredient benomyl,  and  MBC. In  the  same  test, treatments  with  the  two  DuPont sources

of  Benlate,  but  not the  generic  sources,  benomyl,  or  MBC resulted  in reduced  overall  growth of  plants,

including  reductions  weight  of  fronds, roots  and rhizomes  and  caliper of  rhizomes.  Three  long-term

experiments  examined the  effect  of Benlate 50  WP and  Benlate 50  DF  on populations of  fluorescent

pseudomonads  and  development  of distortions  of  frond  growth  and  other  symptoms  associated  with

FDS.  In  two  tests  at 24  months after  application,  treatment  with  both  formulations  of Benlate  increased

endophytic  populations  of fluorescent pseudomonads  inside  rhizomes,  compared  to controls,  in  both

experiments,  and endophytic  populations  inside petioles of  fronds  arising  from  rhizomes  were signifi-

cantly  greater  with  both Benlate  treatments  in  one  test where  this  parameter was  measured.  Also  at  24

months  after  application,  the  Benlate treatments  were associated  with  significant  increases in severity

of  FDS,  using  a  previously  reported  rating  scale  and  by  measuring  several  other  parameters  associated

with  FDS. In  the third long-term  test, the  first crop  of  fronds  was cut  24  months after  treatment.  Four

weeks  later,  the  numbers  of actively  growing  rhizomes  (that  had produced  new  fronds)  were  significantly

reduced  on  Benlate-treated  plants,  compared  to  the  controls.  At  6  months  after  cutting (30  months  after

Benlate  treatments),  weights of  fronds  were lower  on  Benlate-treated  plants  than on controls.  Charac-

terization  of  fluorescent  pseudomonads  isolated  from inside rhizomes  and  petioles  at  24 months  after

treatment  revealed  that  applications  of Benlate resulted  in a marked  increase  in  pectinolytic  activity.

DNA  sequencing of 150 strains  of fluorescent  pseudomonads  from  inside  rhizomes  and  60 from  inside

petioles  at  24 months  after  application  of  Benlate  indicated  low  matches  to type  strains  in the  ribosomal

data  base.  Phylogenetic  characterization  of  the  strains  indicated the  existence  of 10  clusters.  Pronounced

shifts  in  frequency  of strains  in the  various  clusters were  noted  with  Benlate treatment:  over  70%  of  strains

from  rhizomes  of Benlate-treated  plants  belonged to cluster E3,  compared  to only  2%  of the  strains  from

control  rhizomes,  and  98%  of  the  control strains  belonged  to clusters C, D2, F, and G, while none  of  the

strains  from  petioles or  rhizomes  of Benlate-treated  plants  belonged  to these  four clusters.  In summary,

treatment  of  leatherleaf  fern with  Benlate 50 WP and Benlate  50 DF  from  DuPont led  to  a  progression

of  long-term  deleterious  effects  on leatherleaf  fern  that were  associated  with  increased  populations of

fluorescent  pseudomonads  that  were  functionally  and phylogenetically  different from  pseudomonads

from  control plants.
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1. Introduction

A key aspect of  sustainable agriculture is the use of agricul-

tural practices and inputs that promote a diverse community of soil

and plant-associated beneficial microorganisms. Such sustainable

practices include the use of  mulches, cover crops, organic amend-

ments, and microbial inoculants, including rhizobia, mycorrhizal

fungi, biocontrol agents, and plant growth-promoting rhizobacte-

ria (PGPR). An often unstated corollary of sustainable agriculture

is that some agricultural practices and inputs are “unsustainable”,

partly because they lead to the development of a harmful com-

munity of  soil and plant-associated microbes. However, currently

there is  no commonly accepted list of such unsustainable prac-

tices because few studies have been conducted to determine the

effect of suspected harmful practices on plant-associated microor-

ganisms.

Deleterious rhizobacteria (DRB) are nonpathogenic but harm-

ful bacteria found in  the rhizosphere and endophytically inside

roots (Nehl et al., 1996). DRB that have been shown to damage

plant growth represent diverse bacterial groups, but the most often

reported group is  the fluorescent pseudomonads (Gardner et  al.,

1984; Kremer, 2007; Stroo et al., 1988; Turco et al., 1990). Con-

tinuous monoculture is  the agricultural practice most commonly

linked to increased populations of DRB (Barazani and Friedman,

2001; Nehl et al., 1996; Turco et  al., 1990). Another agricultural

practice that has been indirectly linked to increased populations of

DRB is  the use of some agricultural pesticides (Greaves and Sargent,

1986; Kremer et  al.,  2006; Kuklinsky-Sobral et  al.,  2005).

Fern distortion syndrome (FDS) of leatherleaf fern (Rumohra adi-
antiformis) in  Costa Rica was associated with significantly greater

populations of fluorescent pseudomonads inside rhizomes of plants

with distorted fronds than plants with normal-appearing fronds

(Kloepper et  al., 2010). Growers report that FDS is  spread by vege-

tative propagation of rhizomes from diseased fields. Hence, a model

was proposed (Kloepper et al.,  2010) whereby FDS results from

latent infections of DRB that induce damage when a  threshold pop-

ulation is  reached.

Increased distortions of fronds in Florida were reported to

coincide with the widespread use of  Benlate systemic fungicide

(Mills et al.,  1996). In a  separate study in  Florida (Kremer et al.,

1996), application of Benlate promoted phytotoxic bacteria in  the

fern rhizosphere. Burkett-Cadena et al. (2011) found higher pop-

ulations of fluorescent pseudomonads inside rhizomes of ferns

with a history of Benlate use in Florida compared to  ferns with

no history of Benlate use. Six weeks after applying Benlate to

rhizomes collected from the field with no Benlate history, they

used PCR-DGGE analysis and found increased presence of flu-

orescent pseudomonads in the rhizosphere. In the same study,

application of Benlate increased the frequency of  indole acetic

acid (IAA) by fluorescent pseudomonads. Collectively, the three

studies with ferns from Florida suggest that application of Ben-

late stimulated populations of  deleterious pseudomonads in the

rhizosphere.

In the current study, ferns derived from tissue culture were

used to avoid the possibility of latent infections of fluorescent

pseudomonads inside rhizomes of field-collected plants and to

standardize the physiological age of test plants. The overall objec-

tive of the current study was to test two hypotheses: (1)  application

of Benlate to leatherleaf fern results in  long-term increases in

populations of deleterious fluorescent pseudomonads that endo-

phytically colonize rhizomes; (2) such endophytic colonization,

resulting from Benlate treatment, is associated with damage to

leatherleaf fern and development of symptoms of FDS. An addi-

tional objective was to determine if different formulations of

Benlate cause the same effects on  endophytic bacteria inside

rhizomes.

2. Materials and methods

2.1.  Sources of fungicides and ferns and growth conditions of  ferns

Benlate 50 DF and Benlate 50 WP were obtained from

DuPont and were stored in  original packages wrapped in double

plastic bags at −20 ◦C. Benomyl (methyl-1-(butylcarbamoyl)-2-

benzimidazolecarbamate) and MBC  (carbendazim) (methyl-2-

benzimidazolecarbamate) were obtained from Sigma–Aldrich.

Generic Benlate 50 WP was  obtained from three different pro-

ducers: (1) BetaPharma Co., Ltd., Shanghai, China; (2)  Londa

Chemical Col., Ltd., Shanghai, China; and (3) China Jiangsu

International Economic-Technical Cooperation Corp., Jiangsu,

China.

Leather leaf fern plants initiated from tissue culture of grow-

ing tips of healthy rhizomes were obtained from Casa Flora, Dallas,

TX. Newly obtained plants were planted into a mixture of equal

parts of pine bark, field soil, and sand. Treatments were applied

at various times after planting as specified below in each experi-

ment. After growth for 3–4 months, rhizomes had formed on  plants.

After 6 months, fern plants were transplanted as per the methods

of Strandberg (1999) using large plastic pots and a planting mix

consisting of 60% pine bark, 20% peat, and 20% sand amended with

dolomitic lime and micro-nutrients. Ferns were grown in  the green-

house under a  shade fabric that provided 55% shade, and they were

fertilized weekly with 250 ppm of water soluble 20-10-20 fertilizer.

Micronutrients were applied every 4 months.

2.2. Effects of Benlate on rhizosphere populations of fluorescent
pseudomonads, 3 months after treatment, experiment 1

Experiment 1  was designed to determine if  foliar spray and

drench treatments with two formulations of Benlate resulted in

increased rhizosphere populations of fluorescent pseudomonads

using fern plants from tissue culture, as was  previously reported

using field-collected plants (Kloepper and McInroy, 2009). Treat-

ments were applied 2 months after transplanting new fern plants.

The  experimental design was a  randomized complete block with

5 treatments, each with 10 replicate plants. Treatments included

Benlate 50  WP and Benlate 50 DF, each applied as a  foliar spray

and a  drench, and a  non-treated control. Benlate treatments were

prepared at the label rate of 1.2 g/L  (1 lb/100 gal). Foliar spray treat-

ments were done by  spraying 20 ml on  the foliage and soil  surface

of each replicate plant. Drench treatments were done by pouring

25 ml  onto the soil surface of  each pot. These methods were mod-

ifications of those used by Mills et al. (1996), who  sprayed 150 ml

per pot and drenched with 1.4 l  per pot.

The experiment was destructively sampled 3 months after treat-

ment. Plants were removed from pots and shaken to  remove

planting medium not attached to  roots. The roots and remain-

ing planting medium were considered the rhizosphere. Sections of

roots weighing 0.9–1.2 g were agitated for 1 min in  9 ml  of  sterile

distilled water (SD H2O). Serial 10-fold dilutions to 10−3 were pre-

pared in SD H2O  and 50 �l  was plated onto duplicate plates of 50%

King’s Medium B (KB) for estimating population densities of  fluo-

rescent pseudomonads and onto 10% tryptic soy agar (TSA) for total

aerobic culturable bacteria. The 50% KB was prepared by adding per

liter 15  ml glycerol, 10 g protease peptone no. 3, 1.5 g MgSO4·7H2O,

1.5 g K2HPO4, and 18 g agar. The 10% tryptic soy agar was prepared

by adding per liter 3.0 g tryptic soy broth and 18  g agar.

The numbers of fluorescent colonies per plate of 50% KB and of all

colonies on 10% TSA were recorded after incubation at 28 ◦C for 48 h.

The average number from duplicate plates was used to  calculate the

log CFU per sample, which was divided by the recorded weight to

determine mean CFU/g. Data from each replication were converted
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to log10 CFU/g prior to analysis by  ANOVA using SAS. When a  sig-

nificant F  value was determined, LSD values were calculated at

P = 0.05.

2.3. Effects of various sources of Benlate, benomyl, and MBC  on
plant growth and endophytic fluorescent pseudomonads,
5 months after treatment, experiment 2

Experiment 2 was designed to extend the previous test to  deter-

mine if treatment with Benlate 50 WP and Benlate 50 DF  resulted in

increased populations of  fluorescent pseudomonads or  total aero-

bic bacteria inside rhizomes two months after increases were noted

in the rhizosphere in  the previous test. Two additional aims of  the

experiment were (1)  to  determine if parameters of plant growth

related to FDS were affected by  Benlate and (2)  to  compare bacte-

rial responses to  the two Benlate formulations from DuPont to those

resulting from treatment with the active ingredient, benomyl, and

from treatment with the three different sources of  generic Benlate

50 WP  listed above.

Prior  to  use in this study, a sample of  the two Benlate formu-

lations from DuPont were chemically analyzed for the presence

of the breakdown compound MBC  (carbendazim – methyl 2-

benzimidazolecarbamate) by Analyze Inc., Chanlder, AZ. Analysis

revealed the presence of 2.7% MBC  in the Benlate 50 DF  sample and

5.4% in the Benlate 50 WP.  Accordingly, a  treatment of MBC  was

included in the experiment to correspond to  5.4% of the Benlate.

The  experimental design was a  randomized complete block with

6 replicate fern plants for each of 8 treatments applied as drenches

using 25 ml of treatment per plant. Treatments included: (1) Ben-

late 50 WP from DuPont at 1.2 g/L, (2) Benlate 50 DF  from DuPont at

1.2 g/L, (3) benomyl at 0.6 g/L, (4)  MBC  at 0.64 g/L, (5)  generic Ben-

late 50 WP  source 1, (6) generic Benlate 50 WP source 2,  and (7).

generic Benlate 50 WP source 3.  Treatments were applied 2 months

after transplanting new fern plants.

Five months after treatment, overall foliar growth of  each fern

plant was assessed by measuring the growth index (height in

cm × width in  cm). Additional assessments of growth of each plant

included frond fresh weight, weight of roots and rhizomes after

thoroughly washing off all growth media and drying by  blotting,

mean caliper of the two largest rhizomes per plant, and the num-

ber of rhizomes per plant. Reductions in root and rhizome weight

and caliper of rhizomes are among the symptoms associated with

FDS (Kloepper et al.,  2010).

Treatment  effects on endophytic bacteria inside rhizomes were

determined by  dipping rhizomes for 30 s in 95% ethanol, flaming,

and then sampling 1.0–1.5 g starting 0.5 cm from the growing tip.

Rhizome samples were homogenized for 1 min  in 9  ml of SD H2O

inside autoclaved stainless steel containers using a Kleco grinder.

Serial 10-fold dilutions to 10−3 were prepared in  SD H2O, and

50 �l were plated onto duplicate plates of  50% KB for estimating

population densities of fluorescent pseudomonads and onto 10%

TSA for total aerobic culturable bacteria. Populations were deter-

mined, and data were analyzed as described above in  the first

experiment.

The incidence of  fluorescent pseudomonads inside petioles of

fronds growing from the rhizomes was also determined. Ten peti-

oles from each replicate plant of each treatment were surface

disinfested in  70% ethanol for 1 min  and dried. The end of each

petiole was aseptically cut, and drops of sap were expressed by

squeezing with sterile forceps and touching drops onto plates of

50% KB agar. After incubation at 28 ◦C for 48 h, the number of  peti-

oles from which fluorescent pseudomonads were detected was

recorded. Data were analyzed with ANOVA using SAS. When a sig-

nificant F  value was determined, LSD values were calculated at

P = 0.05.

2.4.  Long-term effects of Benlate sprays and drenches on
endophytic fluorescent pseudomonads and plant growth and
health,  24 months after treatment, experiments 3 and 4

Two  long-term experiments were conducted to  determine if

changes in  bacterial populations inside rhizomes persisted for 2

years and if plant growth and quality were affected following

treatment with Benlate. An additional aim was  to evaluate if Ben-

late treatment increased the frequency of endophytic fluorescent

pseudomonads with pectinolytic activity as one way to  assess the

potential deleterious activity of  the endophytes.

Both tests were randomized complete blocks with three treat-

ments, each with 10 replicate plants. Treatments, which were

applied 3 months after transplanting new ferns, were Benlate 50

WP, Benlate 50 DF, and a  non-treated control. Treatments were

applied as foliar sprays in experiment 3 and as drenches in  experi-

ment 4  as described above.

Twenty-four months after treatment, both experiments were

terminated. The effects of Benlate treatments on plant growth,

and specifically on symptoms associated with FDS, were deter-

mined by recording frond fresh weight, number of the newest three

fronds with a twisted rachis, number of plants exhibited dwarfing

(severe stunting relative to  control plants), and the mean caliper

of 6 rhizomes on each plant. In addition, each plant was rated

using the previously reported 4-point scale for assessing severity

of FDS (Kloepper et  al., 2010). Mean population densities of fluo-

rescent pseudomonads and total aerobic bacteria inside rhizomes

were determined using the methods described above. All  data were

analyzed as in the previous tests.

The incidence of  fluorescent pseudomonads inside rhizomes

was determined in experiment 3  by  expressing sap from surface-

disinfected rhizomes onto 50% KB and examining plates after

incubation at 28 ◦C for 48 h for the presence of fluorescent colonies.

Two rhizomes were sampled per replication, and hence, analysis of

data by replication was  not possible. In experiment 4, incidence

of fluorescent pseudomonads inside petioles was  determined as in

the previous test, using 10 petioles per replication, and statistical

analysis was  conducted as  described above.

To analyze the effect of treatments on the frequency of pecti-

nolytic activity among endophytic fluorescent pseudomonads, 10

isolates from rhizomes from each replicate plant in  all treatments

in experiments 3 and 4 were selected. The potato slice macera-

tion test originally described by Lelliott et al. (1966) and modified

by González et al. (2003) was used. Isolates were streaked onto

the top of potato slices placed in petri dishes with 5 ml sterile

water around the bottom of the slices. Soft rot  development was

examined after incubation for 24 and 48  h at room temperature.

An additional collection of  endophytic fluorescent pseudomonads

isolated from inside petioles in experiment 4  was sampled in  the

same manner.

Two  collections of fluorescent pseudomonads from exper-

iment 4 were made in  order to  identify isolates to species.

The first collection included 50 strains isolated from inside

rhizomes 24  months after application of Benlate 50 WP  and

Benlate WP as  well as  the non-treated control. The second

collection consisted of  30 strains of  fluorescent pseudomon-

ads with pectinolytic activity isolated from inside petioles of

plants treated with each of  the Benlate formulations. Strains

were purified from the original isolation plates by  streak-

ing for single colonies on TSA. Taxonomic classification of

each strain was  based on the partial sequence of  16S rDNA.

DNA was extracted and amplified with universal bacterial

primers: 8F (5′-AGAGTTTGATCCTGGCTCAG-3′)  and 1492R (5′-
ACGGCTACCTTGTTACGACTT-3′). PCR was  performed using Lucigen

EconoTaq Plus Green 2X master mix  (Lucigen Corp.) with cycling

parameters: initial denaturation at 95 ◦C for 5 min; 31 cycles of
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Table  1
Experiment 1: effect of Benlate treatments on populations of fluorescent pse-

duomonads  and total aerobic culturable bacteria in the rhizosphere 3 months after

treatment.

Treatment Mean population (log CFU/g)

Fluorescent pseudomonads Total bacteria

Benlate 50 WP spray 3.89 b 6.41 a

Benlate 50 DF spray 5.19  ab 6.66 a

Benlate 50 WP drench 5.05 ab 6.39 a

Benlate 50 DF drench 5.39 a 6.69 a

Control  2.30 c 5.57 b

LSD0.05 1.50 0.31

For each column, mean values (10 replicates) with a common letter are not  signifi-

cantly  different by LSD test (P <  0.05).

94 ◦C for 1 min, 57 ◦C for 45  s,  70 ◦C for 2 min; and a final extension

at 70 ◦C for 10 min.

A  total of DNA sequences were blasted against the type strains in

the ribosomal database project using SEQMATCH to  identify bac-

terial taxa of each strain. The partial 16S rDNA of selected DNA

sequences and closely related type strains of Pseudomonas spp.

were aligned with ClustalW and phylogenetic analysis were con-

ducted with MEGA version 5 (Tamura et  al.,  2011). Data were

analyzed by  neighbor-joining (NJ) and the distance matrix was

calculated by  the Kimura 2-K parameter model. A bootstrap test

with 1000 replicates was used to estimate the confidence of  the

phylogenetic tree.

2.5.  Effects of Benlate sprays on re-growth of fronds 30 months
after treatment, experiment 5

Another long-term spray test was conducted to  determine

effects of Benlate on re-growth of fronds after a  first cutting. The

aim was to simulate commercial fern production, where successive

harvesting of fronds from the same plants is  done. The test, con-

ducted at the same time as  the two previous long-term tests, was a

randomized complete block with the same treatments – Benlate 50

WP, Benlate 50 DF, and a non-treated control, each with 6 replica-

tions. All fronds were cut at 24 months after treatment. Four weeks

later, the number of  actively growing rhizomes was recorded by

counting the number of new fronds per replicate plant, and plants

were photographed. Six months after cutting the initial fronds (30

months after Benlate treatments), the second crop of fronds was cut

and weighed. The mean rhizome diameter was  then recorded by

measuring caliper of six rhizomes per plant. Data were statistically

analyzed as  described above.

3. Results

3.1. Effects of Benlate on rhizosphere populations of fluorescent
pseudomonads, 3  months after treatment, experiment 1

Mean  rhizosphere populations of total aerobic bacteria and fluo-

rescent pseudomonads were significantly increased 3  months after

the application of  all Benlate treatments compared to populations

in the non-treated control (Table 1). The maximum population

increase relative to the control occurred with fluorescent pseu-

domonads at 3.85 log units with application of Benlate 50 DF as

a drench, compared to a  maximum increase in population of total

bacteria of 1.12 log units. With both spray and drench applica-

tion, populations were numerically higher with Benlate 50 DF  than

Benlate 50 WP.

3.2. Effects of various sources of Benlate, benomyl, and MBC  on
plant  growth and endophytic fluorescent pseudomonads, 5
months after treatment, experiment 2

Five months after treatment, negative effects on fern plant

growth above and below ground were apparent (Table 2) with

some forms of  Benlate. Plants receiving treatment with Benlate

50 DF and Benlate 50 WP from DuPont demonstrated significantly

reduced overall foliar size (growth index), frond weight, root and

rhizome weight, rhizome size  (rhizome caliper), and number of rhi-

zomes per plant compared to the control. With five of these six

measurements of plant growth, the mean values for plants treated

with DuPont Benlate 50 DF  were significantly lower than values

for plants treated with DuPont Benlate 50 WP.  Treatments with

the active ingredient benomyl, MBC, and three different sources of

generic Benlate 50 WP did not  result in significant changes in any

of the plant growth parameters compared to the control.

Population densities of  endophytic bacteria inside rhizomes

were significantly affected by some treatments (Table 3). Popula-

tions of total aerobic bacteria inside rhizomes from all treatments

except benomyl and MBC  were greater than populations from the

control. The maximum increase in population from the control was

1.23 log units with Benlate 50 DF. In contrast, relative popula-

tion increases of  fluorescent pseudomonads inside rhizomes were

greater, with a maximum increase from the control of 2.60 log units.

Endophytic populations of  fluorescent pseudomonads in rhizomes

were significantly greater following treatment with both formula-

tions of Benlate from DuPont than with the three generic sources of

Benlate. Also, populations resulting from treatment with the active

ingredient benomyl and MBC  were significantly lower than popu-

lations resulting from the generic sources of  Benlate. The incidence

of fluorescent pseudomonads inside petioles of  fronds was  signif-

icantly greater with both of  the DuPont formulations of Benlate

than inside petioles of all other treatments. In addition, the inci-

dence resulting from treatment with Benlate DF was significantly

greater than the incidence from Benlate 50 WP.

3.3. Long-term effects of Benlate sprays and drenches on
endophytic fluorescent pseudomonads and plant growth and
health,  2  years after treatment, experiments 3  and 4

Two years after treatment with Benlate, ferns treated with Ben-

late 50 WP  and Benlate 50 DF in both experiments 3 and 4 exhibited

reduced frond weight per plant (Table 4). In  both experiments, the

magnitude of  reduction in frond fresh weight was greater with Ben-

late 50 DF than with Benlate 50 WP. The primary foliar symptom

of FDS, asymmetrical growth of fronds, was observed on plants

treated with Benlate (Fig. 1). The severity of  FDS, measured by

using the previously reported rating scale for frond deformations,

was significantly greater with Benlate treatments than the con-

trol in  both experiments, and the level resulting from treatment

with Benlate 50 DF was significantly greater than Benlate 50 WP

in experiment 3 (Table 4). Similar significant changes were also

recorded for the number of newest fronds with a  twisted rachis

and the caliper of  rhizomes, which are additional symptoms of  FDS

(Kloepper et al., 2010). None of the control plants exhibited dwarf-

ing, while half of  the plants treated with Benlate 50 DF showed this

symptom.

Increased endophytic populations of total bacteria and flu-

orescent pseudomonads inside rhizomes resulted with both

formulations of  Benlate, compared to the control, in both exper-

iments 3 and 4 (Table 5). The maximum increase relative to

the control was 3.26 log units for fluorescent pseudomonads in

rhizomes of plants treated with a  spray of  Benlate 50 DF. Mea-

surements of  the incidence of rhizomes and petioles containing

endophytic fluorescent pseudomonads (Table 5) revealed that
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Table  2
Experiment 2: effect of various sources of Benlate, benomyl, and MBC on  fern plant growth 5  months after drench treatment.

Treatment Frond fresh weight (g) Root and rhizome fresh weight (g) Rhizome caliper (mm)a Number of rhizomes per plant Growth index (cm2)b

DuPont Benlate 50 WP 25.07 b 36.95 b  5.32 b 4.33 b 153.0 b

DuPont  Benlate 50 DF 16.38  c 27.62 c  4.95 c 4.00 b 95.9 c

Benomyl 48.10  a  53.67 a  6.08 a  6.67 a 240.6 a

MBC  47.60 a  51.18 a  6.00 a  6.67 a 225.4 a

Generic  Benlate 50 WP-1 48.0 a  50.53 a  6.18 a 7.17 a 234.1 a

Generic  Benlate 50 WP-2 47.57 a  46.78 a  6.02 a  7.00 a  230.5 a

Generic  Benlate 50 WP-3 51.43 a  50.78 a  6.05 a  6.83 a 242.6 a

Control 46.07  a  51.87 a  6.02 a  6.83 a 240.5 a

LSD0.05 7.46 8.40 0.35 0.98 39.6

For each column, mean values (six replicates) with a  common letter are not significantly different by  LSD test (P  <  0.05).
a Mean of the two largest rhizomes on each plant.
b Height ×  width of plant foliage.

Table  3
Experiment 2: effect of various sources of Benlate, benomyl, and MBC on  endophytic fluorescent pseduomonads and total aerobic culturable bacteria 5 months after drench

treatment.

Treatment Incidence of fluorescent pseudomonads in petiolesa Mean population (log CFU/g) inside rhizomes

Fluorescent pseudomonads Total aerobic bacteria

DuPont Benlate 50 WP 6.83 b 5.43 b 6.01 b

DuPont  Benlate 50 DF 8.83 a  5.81 a  6.81 a

Benomyl 1.50  d 3.28 e  5.70 c

MBC  1.17 d  3.36 e  5.73 c

Generic  Benlate 50 WP-1 1.00 d 3.66 d  6.52 b

Generic  Benlate 50 WP-2 2.83 c 4.50 c  6.45 b

Generic  Benlate 50 WP-3 1.67 d  4.26 c 6.41 b

Control  1.00 d 3.21 e  5.58 cd

LSD0.05 1.05 0.26 0.27

For each column, mean values (six replicates) with a  common letter are not significantly different by  LSD test (P  <  0.05).
a Ten petioles from each replicate plant were sampled.

Table  4
Effect  of Benlate on fern plant growth 24 months after treatment, expression of symptoms related to Fern Distortion Syndrome (FDS), experiments 3 and 4.

Experiment Treatment Frond fresh weight

(g)

FDS rating scale

(0–3)a

No. of 3 newest

fronds  with

twisted  rachis

No. of plants

exhibiting

dwarfing

Mean caliper of 6

rhizomes  (mm)

Experiment 3 Benlate 50 WP 198.0 b 2.00 b  2.40 a  4 5.46 b

Spray  test Benlate 50 DF 139.6 c 2.60 a  2.60 a  5 5.11 b

Control 363.7 a 0.40 c 0.30 b 0  7.10 a

LSD0.05 54.2 0.46 0.46 0.42

Experiment  4 Benlate 50 WP 238.5 b 2.10 a  2.50 a  3 5.95 b

Drench  test Benlate 50 DF 133.1 c 2.50 a  2.70 a  5 5.28 c

Control  311.5 a 0.50 b 0.20 b 0  7.78 a

LSD0.05 31.6 0.43 0.44 0.59

For each column, mean values (10 replicates) with a  common letter are  not significantly different by LSD test (P < 0.05).
a Rating scale used to assess severity of FDS (Kloepper et al., 2010).

Table  5
Effect  of Benlate on endophytic fluorescent pseduomonads and total aerobic culturable bacteria 24 months after treatment, experiments 3 and 4.

Experiment Treatment Incidence of fluorescent pseudomonads inside Mean population (log  CFU/g) inside rhizomes

Rhizomesa Petiolesc Fluorescent pseudomonads Total aerobic bacteria

Experiment 3 Benlate 50 WP  75% ND 4.81 a 5.10 a

Spray  test Benlate 50 DF 90%  ND 5.29 a 5.37 a

Control  20%  ND 2.03 b 3.46 b

LSD0.05 1.32 1.28

Experiment 4 Benlate 50 WP  NDb 2.40 b 4.29 a 5.23 a

Drench  test Benlate 50 DF ND  5.20 a  4.94 a 5.59 a

Control  ND  0.20 c 2.06 b 4.30 b

LSD0.05 0.43 1.17 0.63

For each column, mean values (10 replicates) with a  common letter are  not significantly different by LSD test (P < 0.05).
a Determined by  expressing sap from 2 rhizomes per replication onto 50% KB.
b Not determined.
c Determined by  expressing sap from 10 petioles per replication onto 50% KB.
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Fig. 1. Examples of deformities of fronds noted on  fern plants 24 months after treatment with Benlate (upper row), compared to mainly symmetrical fronds of control plants

(lower  row).

75–90% of rhizomes treated with sprays of  Benlate 50 WP or Ben-

late 50 DF contained culturable fluorescent pseudomonads as did

24–52% of the petioles of plants treated with Benlate drenches,

while the corresponding incidence for control rhizomes and peti-

oles was 20%.

Applications of Benlate resulted in a  marked increase in pecti-

nolytic enzyme activity of endophytic fluorescent pseudomonads

inside rhizomes in  both  the spray and the drench test (Table 6). A

strongly positive reaction was indicated by rot of potato slices at

24 h after inoculation. None of  the isolates isolated from control rhi-

zomes were strongly positive, while 44% of isolates from rhizomes

of plants treated with Benlate 50 DF  in the spray test, and 41% in

the drench test, strongly produced pectinolytic enzymes. The same

trend occurred with fluorescent pseudomonads from inside peti-

oles in  the drench test. None of the isolates from control plants

exhibited pectinolytic activity at 24 or 48 h of  incubation, while

30% of isolates from plants treated with Benlate 50 WP and 42%

of isolates from plants treated with Benlate 50 DF were strongly

pectinolytic.

When DNA sequencing of 210 strains were blasted against the

type strains in the ribosomal data base project, there were lower

matches to type strains than necessary to identify the strains to

species. The phylogenetic relationship was evaluated and 10 clus-

ters were identified. Cluster A was identified as  Pseudomonas fulva
related species and cluster B was closely related to  P. putida (Fig. 2).

Both clusters A and B belong to P. putida group. Cluster C formed

a distinct branch from clusters D, E, and F and did not match any

known type strains. The same for the cluster F.  Clusters C and D had

very low bootstrap support but were separated by P. koreensis and

P. moorei related species, respectively. Cluster G was  identified as P.
lurida/poae related species. Further analysis was needed for species

identification. Clusters name were used in  this publication.

The phylogenetic analysis of fluorescent pseudomonads with

pectinolytic activity isolated from inside petioles of plants treated

with Benlate 50 WP and Benlate 50 DF (Table 7) indicated that

96.7% of the strains were identified as members of  two clusters

(A and E3) in  the phylogenetic tree (Fig. 2). Cluster A was more fre-

quent for strains from petioles than from rhizomes. Overall, there

was more diversity among strains isolated from rhizomes, which

were distributed among all 10 clusters. However, pronounced dif-

ferences were seen in  the grouping of  strains originating from

Benlate-treated plants compared to  controls. Over 70% of  strains

from rhizomes of plants treated with Benlate belonged to clus-

ter E3, compared to only 2% of the strains from controls, and 98%

of the control strains belonged to clusters C, D2, F,  and G. None

of the strains from petioles or rhizomes of Benlate-treated plants

belonged to these four clusters. With both the petiole and rhizome

strains, cluster E3 was  more dominant for treatment with Benlate

50 DF than Benlate 50 WP.

3.4.  Effects of Benlate sprays on re-growth of fronds 30 months
after  treatment, experiment 5

In the second long-term spray test, the first crop of fronds was

cut 24 months after Benlate treatment. Four weeks later, new

fronds had emerged from the tips of actively growing rhizomes,

and marked reductions in  the re-growth rate of fronds were noted

in the plants treated with Benlate compared to control plants. A

representative photograph is  shown in Fig. 3.

The mean number of rhizomes with growing tips on plants

treated with both Benlate formulations was  significantly less than

controls, and the number on plants treated with Benlate 50 DF was

significantly less than the number on plants treated with Benlate

50 WP (Table 8). At 6  months after cutting (30 months after Benlate
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Fig. 2. Neighbor-joining (NJ) tree of partial 16S rDNA (1433 bp) illustrating phylogenetic relationship among endophytic fluorescent Pseudomonas spp. from petioles and rhi-

zomes.  The analysis was done with MEGA version 5 (Tamura et al., 2011) and the numbers at each node represent bootstrap value (1000 replicates). Scale bar: substitutions/site.

All  strains were classified by  7  main group and 10 clusters.

Fig. 3. Re-growth of fronds 4 weeks after cutting all fronds that had grown for two  years after application of Benlate 50 DF (left) compared to non-treated control (right),

experiment  5.
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Table  6
Pectinolytic enzyme activity by  fluorescent pseudomonads isolated from rhizomes and petioles 24  months after treatment with Benlate-potato slice reaction, experiments

3  and 4.

Experiment Treatment Mean no.  of fluorescent

pseudomonad isolates from

petioles that caused rot of potato

slice in

Mean no. of fluorescent

pseudomonad isolates from

rhizomes that caused rot of potato

slice in

24 h 48  h 24 h 48 h

Experiment 3  Benlate 50 WP  3.4 a  4.0  a  NDa ND

Spray  test Benlate 50 DF 4.4 a  4.8 a  ND ND

Control  0.0 b  1.0  b ND ND

LSD0.05 1.2 1.4

Experiment 4 Benlate  50 WP 3.0  b  2.4 b 3.0 4.6

Drench  test Benlate 50 DF 4.1 a  5.2 a  4.2 5.0

Control  0.0 c 0.2 c 0

LSD0.05 0.8 1.0

For each column, mean values (10 replicates, each with 10 isolates) with a common letter are not significantly different by LSD test (P  <  0.05).
a Not determined.

Table  7
Identification of endophytic fluorescent pseudomonads from petioles and rhizomes in experiment 4.

Source of endophytes Treatment Percentage of strains identified to  various phylogenetic clustersa

A B C D1 D2 E1 E2 E3 F  G

Petioles Benlate 50 WP 40.0  3.3  0 0 0  0 0 56.7 0  0

Petioles  Benlate 50 DF 16.7 0  0 3.3 0  0 0 80.0 0  0

Rhizome  Benlate 50 WP  6.0  8.0  0 8.0 0  2.0 6.0 70.0 0  0

Rhizome  Benlate 50 DF 2.0  4.0  0 4.0 0  2.0 0 84.0 0  0

Rhizome  Non-treated control 0 0  48.0 0 8.0 0 0 2.0  30.0 12.0

a Thirty strains were identified from each treatment from petioles and 50 from each treatment of rhizomes. Clusters correspond to the branches shown in Fig. 2. Isolates

belonging  to clusters A and B are closely related to the Pseudomonas putida group; those belonging to  clusters C–F are closely related to P. moraviensis and P. moorei; and

isolates  belonging to  cluster G are closely related to  P. lurida.

treatments), weights of fronds from both Benlate treatments were

less than the control, and the weight of fronds from plants treated

with Benlate 50 DF  was significantly less than from plants treated

with Benlate 50 WP.  At the same time, mean rhizome diameter

was significantly reduced following treatment with both Benlate

formulations compared to the control (Table 8 and Fig. 4).

4.  Discussion

Overall, the results reported here support our first hypothesis

that application of  Benlate to leatherleaf fern results in long-term

increases in  populations of  deleterious fluorescent pseudomonads

that endophytically colonize rhizomes. Applications of two for-

mulations of Benlate 50 from DuPont as sprays and drenches to

leatherleaf fern resulted in increased rhizosphere populations of

fluorescent pseudomonads and total aerobic culturable bacteria,

compared to  controls, at 3 months after treatment (Table 1). At 24

months after treatment, populations of fluorescent pseudomonads

and total aerobic bacteria were greater inside developing rhi-

zomes from Benlate-treated plants than from non-treated controls

(Table 5). Also at 24  months after application, the incidence of

fluorescent  pseudomonads inside petioles of fronds arising from

the rhizomes was  significantly greater than controls without

Benlate (Table 5). Hence, the initial stimulatory effect of Benlate

on fluorescent pseudomonads persisted for at least two years.

Our finding that populations of fluorescent pseudomonads

increased more than populations of total aerobic bacteria follow-

ing treatment with Benlate is  similar to the results of  Washkies

et al. (1994) in a study of grape replant disease, which is asso-

ciated with DRB. In the grape study, rhizoplane populations of

fluorescent pseudomonads were significantly greater in “replant

soil” than non-replant soil, while the corresponding differences in

populations of  total aerobic bacteria were not  significantly different

between the two cropping systems. In addition, several past studies

reported that fluorescent pseudomonads were stimulated via treat-

ment with benomyl. Fuchs and De Vries (1978) added commercial

Benlate to  water and soil samples and recovered bacteria, mainly

fluorescent pseudomonads, able to grow in  a  mineral medium with

benomyl as the carbon source. Goto et al. (1994) reported that fol-

lowing seed treatment of rice with Benlate, seed populations of

fluorescent pseudomonads increased. In a  study of two  fluores-

cent pseudomonad biocontrol strains on chickpea, Siddiqui et  al.

Table 8
Effect of Benlate on number of rhizomes with growing tips at 24 months after spray treatment and effect on  re-growth of fronds and rhizome diameter 6  months latera,

experiment  5.

Treatment Number of rhizomes with growing tips Frond fresh weight (g) Rhizome diameter (mm)b

Benlate 50 WP 23.1 b 96.6 b 4.81 b

Benlate  50 DF 16.8 c 71.8 b 4.50 b

Control  36.0 a 155.4 7.11 a

LSD0.05 4.6  11.4 0.33

For each column, mean values (six replicates) with a  common letter are not significantly different by  LSD test (P  < 0.05).
a The first fronds were removed 24 months after treatments were applied.
b Representative rhizomes are shown in Fig. 4.
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Fig. 4. Effect of Benlate sprays on rhizome diameter 30 months after application. Columns from left  to  right: control, Benlate 50 WP,  and Benlate 50 DF, experiment 5.

(2001) found that rhizosphere populations of the pseudomonads

were greater when Benlate was applied.

In the current study, pectinolytic enzyme activity was  assessed

(Table 6) as  one indicator of  the potential for the endophytic pseu-

domonads to be deleterious. Pectinolytic enzymes are a  group of

related enzymes that hydrolyze various pectic substances located

in the middle lamella and outer cell wall of plant cells. Hence,

production of pectinolytic enzymes by  rhizosphere bacteria has

been suggested to facilitate bacterial entry and spread into plants

(Okon and Vanderleyden, 1997). Kremer et  al. (2006) suggested that

pectinolytic activity should be examined as  a potential means by

which some DRB cause damage to plants. In one study of bacteria

from the potato rhizosphere (Mahmoud et  al., 2008), 5.5% of flu-

orescent pseudomonads (2 of 36  isolates) produced pectinolytic

enzymes. This low level of  pectinolytic activity among isolates

of fluorescent pseudomonads from healthy non-treated plants

agrees with our results for controls without Benlate treatment.

In contrast, at 24 months after applications of Benlate, 30–40% of

the fluorescent pseudomonads isolated from inside rhizomes had

strong pectinolytic activity, compared to none of  those from control

plants.

With fluorescent pseudomonads, quorum sensing has been

shown to regulate root colonization (Compant et al.,  2010) and

pectinolytic enzyme production (Rasche et  al., 2005). Therefore,

when populations increase, as  occurred in  our study with fluores-

cent pseudomonads following treatment with Benlate, more root

colonization and more production of metabolites such as pecti-

nolytic enzymes, which are under the control of quorum sensing,

would be expected to occur.

Our  results of  the potato slice maceration tests (Table 6) indi-

cated that treatment with Benlate WP  and Benlate DF  led to higher

populations of fluorescent pseudomonads and to  an increased per-

centage of isolates with pectinolytic activity. This finding of a

functional shift in the fluorescent pseudomonad populations fol-

lowing treatment with Benlate is consistent with a  recent report

(Burkett-Cadena et al., 2011) in  which treatment of field-collected

leatherleaf ferns with Benlate led to an increase in the percentage of

fluorescent pseudomonads in the rhizosphere and inside rhizomes

that produced IAA, which is another metabolite known to be reg-

ulated in  pseudomonads by quorum sensing (Lindow and Brandl,

2003).

In addition to a  functional shift, treatment with Benlate resulted

in shifts in  the population genetic structure as revealed by the phy-

logenetic analyses of  strains from petioles and rhizomes (Table 7

and Fig. 2). 98% of strains (from clusters C, D2, F,  and G)  isolated from

rhizomes of non-treated plants were not found in  Benlate-treated

plants. Also, cluster E3 accounted for 56–84% of the pseudomonad

population in Benlate-treated plants but only 2% in  controls. Strains

belong to cluster A were mainly found in  petioles of  Benlate-

treated plants and were also present in lower amounts in rhizomes

of Benlate-treated but not control plants. Collectively, two  years

after treatment with Benlate, profound differences in the phy-

logenetic groups of endophytic pseudomonads were present in

Benlate-treated plants and controls. Further work will be necessary

to identify the predominant clusters, especially cluster E3, because

these strains do not  match to type strains of known species.

The finding that use of a  once commonly applied systemic fungi-

cide leads to  enhanced populations of deleterious bacteria first
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in the rhizosphere and then inside the plant demonstrates that

care should be exercised in development and approval of  systemic

fungicides. From a microbial ecology perspective, a  limited number

of microorganisms can colonize a particular niche, such as inside

roots or rhizomes. Reducing numbers of some members of the

niche, for example the killing of fungi via application of a  systemic

fungicide, creates an opportunity for other microbes in  the same

niche, such as  DRB, to multiply.

It  is also important to note that applications of some for-

mulations of Benlate more strongly increased populations of

fluorescent pseudomonads and/or total culturable aerobic bacte-

ria and were deleterious to plant growth than other formulations

(Tables 2 and 3). Specifically, applications of benomyl or MBC

did not lead to increased endophytic populations of fluorescent

pseudomonads, compared to  controls (Table 3). In contrast, pop-

ulations were increased by  treatment with three sources of generic

Benlate, and treatment with Benlate from DuPont resulted in  pop-

ulations significantly greater than those with the generic sources

(Table 3). Damage to ferns from these treatments was  significant

only with the two Benlate formulations from DuPont (Table 2).

Interestingly, there were higher percentages of strains belonging

to cluster E3 originating from plants treated with Benlate DF com-

pared to Benlate WP  (Table 7). In  addition, increases in populations

of fluorescent pseudomonads and deleterious effects on ferns were

significantly greater with Benlate DF  than with Benlate WP,  both

from DuPont. One possible explanation for these findings is  that

the side effects of fungicides, such as increasing populations of

DRB, are caused by an  interaction of the active ingredient and the

inert components of  the formulation. Support for this explanation

is found in a  study by  Fletcher et al. (1980) with use of Benlate in

mushroom casings where they report that the commercial Benlate

product includes a reducing sugar, as part of  the inert  ingredients,

at a level of 17%. They suggested that this would equate to approx-

imately 70 �g/ml of  sugar applied during treatment with Benlate

which could account for the observed stimulation of  bacteria in the

casings. Therefore, development of fungicides should also include

determining how various prototype formulations affect popula-

tions of non-target plant associated bacteria, especially DRB.

Our  finding that  Benlate also increased populations of total aer-

obic culturable bacteria is  in  agreement with some early studies on

the effects of benomyl and Benlate on soil microorganisms. Hofer

et al. (1971) reported that addition of a  commercial benomyl prod-

uct caused a  three-fold increase in  bacterial populations in sand

which was accompanied by increased microbial activity as mea-

sured with catalase activity. Increased microbial activity in  soils

drenched with benomyl was also reported in a  study by  Li and

Nelson (1985). In another study (Peeples, 1974), treatment of  turf

soil with benomyl increased bacterial populations up to 71% com-

pared to controls (Table 1  in  Peeples, 1974). Similarly, Van Fassen

(1974) found that  sprays of Benlate increased bacterial populations

in one of two  tested soils and suggested that microbes might use

some of the compounds in the inert ingredients of the product as a

food base.

Our  second hypothesis, that endophytic colonization of rhi-

zomes resulting from treatment with Benlate is  associated with

damage to  leatherleaf fern and development of symptoms of FDS,

is supported by  results in experiments 3, 4, and 5. Two years after

application of Benlate 50 WP  and Benlate 50 DF, distortions in

fronds were apparent (Fig. 1), which are  similar to  those seen in

the field with FDS (Kloepper et al., 2010). Using the previously pub-

lished rating scale for FDS, which is  based on the severity of frond

distortions, we found the severity to  be greater on Benlate-treated

plants (Table 4). Treatment with both of the Benlate formulations

from DuPont also increased some of  the additional symptoms pre-

viously reported to be associated with FDS (Kloepper et al., 2010),

including twisting of the frond rachis, dwarfing of plants, and

reduced size of rhizomes (Tables 4 and 8, Fig. 3). Damage caused

by Benlate was still visible as overall stunting of growth 6 months

after cutting the first group of  fronds, i.e. 2.5 years after application

of Benlate (Fig. 3).

In  summary, treatment of leatherleaf fern with Benlate 50 WP

and Benlate 50 DF from DuPont, but not with three generic forms

of Benlate 50 WP,  led to  a  progression of long-term effects. These

effects started with development of  increased rhizosphere popula-

tions of bacteria, especially fluorescent pseudomonads, and then

increased populations of fluorescent pseudomonads inside rhi-

zomes and inside petioles of fronds arising from the rhizomes.

These changes in populations were persistent, lasting for the entire

2-year period of the tests, and were associated with damage to fern,

including damage to regrowth of  ferns 2.5 years after the fungicide

treatments (Figs. 3  and 4, Table 8). These results are in agreement

with the concluding statement of Fletcher et al. (1980) during an

investigation into the failure of Benlate to  control the mushroom

pathogen Mycogone perniciosa. In this study, the addition of Benlate

50 to  mushroom casings stimulated bacteria with the capacity to

degrade benomyl and to grow on a  medium with Benlate as  the sole

carbon source. Four of the five most active bacterial strains were

fluorescent pseudomonads. The authors stated, “It is possible that a

specific bacterial flora results from the continuous use of benomyl

and this flora is  transferred from crop to  crop once it has become

established on the farm.”
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