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Abstract As an important component of plant kingdom,
parasitic plants have intrigued many scientists with their
heterotrophic strategy. Numerous investigations have been
carried out for a better understanding of interactions
between parasitic plants and their hosts. Nevertheless,
studies on parasitic plants from a mycorrhizal perspective
are lacking, largely because of the notion that parasitic
plants do not form mycorrhizal associations. Although long
being regarded as nonmycorrhizal, some Pedicularis
species are recently found to be heavily colonized by
mycorrhizal fungi. Because the precise information about
parasitism of Chinese Pedicularis has been lacking, we
surveyed both the mycorrhizal status and parasitism of 29
Pedicularis species from the northwest of Yunnan Province,
China, to test the hypothesis that some Pedicularis may be
mycorrhizal and parasitic simultaneously. The majority of
studied species were found to be parasitic as well as
mycorrhizal. In some cases, parasitic organs and arbuscular
mycorrhizal fungi (AMF) were detected in the same
rootlets. The results suggest that some Pedicularis species
may have another nutrient strategy (e.g., mycotrophy)
besides being parasitic. Also, the findings indicate that host
plants as well as AMF should be taken into account in
cultivation of Pedicularis species.
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Introduction

Parasitic plants are common in many natural and semi-
natural ecosystems, comprising more than 1% of terrestrial
plant species and having various life forms (Phoenix and
Press 2005; Press and Phoenix 2005). Parasitic plants vary
a lot in the extent to which they are dependent upon their
host plants (Marvier and Smith 1997). However, all
parasitic plants are characterized by developing parasitic
organs called haustoria, through which organic and/or
inorganic nutrients and water are absorbed from host plants.
With regard to parasitic plants, the vast majority of studies
have been restricted to interactions between hosts and
parasites and issues regarding multi-species interactions
have been seldom addressed. Of these, a significant yet
poorly known aspect of parasitic plants is their interactions
with microorganisms (Nickrent 2002).

Mycorrhizal fungi are a main component of the soil
microbiota in most ecosystems, and it is believed that a
majority of terrestrial plants are associated with some kinds
of mycorrhizal fungi, with arbuscular mycorrhizal fungi
(AMF) as the most common group (Smith and Read 1997).
Accumulating evidence has shown that mycorrhizal fungi
play a significant role in nutrient acquisition and nutrient
cycling (Francis and Read 1984; Moora and Zobel 1996;
Walter et al. 1996; Watkins et al. 1996; Simard et al. 1997,
Marler et al. 1999). Nevertheless, owing to the notion that
lineages of parasitic plants are nonmycorrhizal (Atsatt
1973; Brundrett 2002), studies on the interactions between
mycorrhizal fungi and parasitic plants are scarce. In contrast
to countless studies on mycorrhizal associations of autotro-
phic angiosperms, there are only a few specific investiga-
tions concerning the mycorrhizal status of parasitic plants
(Lesica and Antibus 1986; Khalid and Igbal 1995; Chen
and Guan 2001; Li and Guan 2007). So far as we know, no
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effort has yet been taken to study the relations between
parasitic plants and their symbiotic fungi.

The genus Pedicularis L. (Orobanchaceae) was thought
to be nonmycorrhizal (Harley and Harley 1987). However,
some species were recently suggested to be colonized by
mycorrhizal fungi (Kohn and Stasovski 1990; Vire et al.
1992; Treu et al. 1996; Chen and Guan 2001; Cripps and
Eddington 2005). In a survey of the mycorrhizal status of
some Pedicularis species from Yunnan Province, China, we
found that most of our studied species were heavily
colonized in the wild by mycorrhizal fungi (mainly AMF;
Li and Guan 2007). The high mycorrhizal colonization
levels led us to postulate whether these Chinese Pedicularis
species have a parasitic habit or not.

Pedicularis is a genus consisting of about 600 species, of
which the majority were regarded as root hemiparasites
(Yang et al. 1998). Although Pedicularis species have long
been known as hemiparasites, only a few have actually
been experimentally examined for their parasitic habit
(Piehl 1963; Lackney 1981; Weber 1987; Schneider and
Stermitz 1990). Therefore, the viewpoint that most
Pedicularis species are root hemiparasites is merely a
deduction based on the observation of a minority of species.
Considering the absence of precise information about
parasitism of Chinese Pedicularis, it is necessary to verify
the parasitic habit of these species. If these species are
parasitic as well as mycorrhizal, such information will be
valuable for a better understanding of multi-species
interactions involving hemiparasitic plants. Moreover,
potentially alternative adaptation strategies as being either
parasitic or arbuscular mycorrhizal may intrigue ecologists
to reach further when considering issues about hemi-
parasitic plants. Also, cultivation of Pedicularis may be
expected to gain some success by taking beneficial micro-
organisms (such as AMF) into account, which has been
overlooked in cultivation of these plants (Li and Guan
2007).

In the present study, we attempt to shed some light
on the two seemingly alternative nutrient strategies of
Pedicularis species by addressing the following questions:
(1) are the species investigated hemiparasitic? (2) Are the
hemiparasitic species colonized by AMF? (3) Is being
parasitic a conflict with being mycorrhizal?

Materials and methods

Root sampling and site description

Twenty-nine species (subspecies or varieties; Table 1)
representing all the four major evolutionary corolla types

described in Li’s system (1951) were collected from the
northwest of Yunnan Province, mainly from Dali (99°58'—
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100°27" E and 25°25'-25°58' N), Lijiang (99°23'-101°31' E
and 25°59'-27°56" N) and Zhongdian (also known as
Shangrila, 90°35'-100°19" E and 26°52'-29°16' N) in
August 2004, June 2005, and August 2005. Annual mean
temperatures for the three areas are 15.1°C, 12.6°C, and
5.4°C, and annual average rainfall values are about 1,079,
1,000, and 634 mm, respectively. The dominant vegetation
consists of grasses, forbs, and/or shrubs in the majority of
sampling sites.

For each species, at least three individuals were
randomly collected and their entire roots cut for further
examination of parasitism and mycorrhizal colonization.
During excavation, large clods of earth were dug out to
reduce the damage to the rootlets. Root samples were put
into formalin—acetic acid—alcohol fixative immediately after
removed from soil.

Identification of Pedicularis species

Identification of Pedicularis species was conducted based on
morphological characteristics according to Flora Reipublicae
Popularis Sinicae (Tsoong 1963) and Flora of China (Yang
et al. 1998). The voucher specimens are deposited in
the Herbarium of Kunming Institute of Botany, Chinese
Academy of Sciences.

Preparation of root materials

Prior to examination under a dissecting microscope, the
root samples were soaked in water for 4 h, then adhering
soil particles were carefully removed with the aid of a
dissecting needle. Intact root samples were examined under
a dissecting microscope for determination of parasitism of
the studied Pedicularis species. For a better observation of
haustorial structure, several typical root samples were
processed and stained with trypan blue identically to the
procedures for mycorrhizal examination. Only rootlets less
than 2 mm in diameter were picked out for examination of
mycorrhizal status. The samples were processed according
to the method of Phillips and Hayman (1970) with slight
modification (Li and Guan 2007). All microscopical
determinations were made at X200 magnification using an
Olympus optical microscope. Micrographs were recorded at
x80, x100, or x1,000 magnification on an Olympus or
Nikon digital microscope camera.

Determination of parasitism and arbuscular mycorrhizal
colonization of Pedicularis species

Parasitism of the studied species was determined by the
presence of haustoria on roots (Estabrook and Yoder 1998;
Elias et al. 2001). However, the absence of haustorium in
collected sample plants of a species is not definitive proof
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Table 1 Parasitism and arbuscular mycorrhizal colonization status of 29 Pedicularis species from the northwest of Yunnan Province, China

Pedicularis species Parasitism and AM status Colonization level by AMF

E LH P AM MT FS NFC/TNFE F% CI
P. axillaris Franch. + P + + ? H 3/7 429 12.4
P, bietii Franch. + ? + + ? H 11/25 44.0 24.0
P. cephalantha Franch. var. cephalantha  + P + + ? H,V 23/24 95.8 56.9
P. cephalantha var. szetchuanica Bonati ~ + P + + A H AV 10/22 45.5 36.8
P. cymbalaria Bonati + AorB + + P H, V, HC 23/36 63.9 27.8
P. deltoidea Franch. + AorB + + A H, S, A,V 4/14 28.6 14.3
P. densispica Franch. + A + + A H VA 37/41 90.2 58.3
P. dichotoma Bonati + P + + ? V,H 16/44 36.4 27.5
P, gracilis Wall. + A + + P&A H, A, HC, V 64/68 94.1 76.4
P. gruina Franch. + P + - - - 0/9 0 0
P, likiangensis Franch. + P - - - - 0/20 0 0
P. longiflora Rudolph - A + + ? H,V 25/40 62.5 40.0
P. longipes Maxim. + P + + A H, A,V 7/9 77.8 28.5
P. lutescens Franch. subsp. lutescens + P + + ? H, V 32/47 68.1 38.3
P. lutescens subsp. ramose P. C. Tsoong + P + + ? H,V 10/18 55.6 30.6
P. oxycarpa Franch. + P + + ? H,V 35/65 53.8 31.3
P. pseudomelampyriflora Bonati + A - + ? H S,V 25/27 92.6 78.0
P. ramosissima Bonati + A + - - - 0/11 0 0
P. rex C. B. Clarke - P + + A H,S, A,V 113/142 79.6 61.0
P. rhinanthoides Schrenk - P - + ? H,V,S 7/11 63.6 31.0
P. rhodotricha Maxim. + P + + ? H, V 8/13 61.5 36.5
P. salviaeflora Franch. + P + + P H, S, V, HC 21/21 100.0 92.9
P. sigmoidea Franch. + P - + A H, S, A,V 8/8 100.0  100.0
P. siphonantha Don - P + + P H, S, V, HC 50/89 56.2 46.1
P. stadlmanniana Bonati + P(?) + + ? H, V 17/20 85.0 66.0
P, tapaoensis Tsoong + P - + ? H,V 7/18 38.9 7.1
P. tenuisecta Franch. + P + + P H, V, HC 30/43 69.8 38.0
P. tricolor Hand.-Mazz. + P + + ? H 14/21 66.7 36.6
P yui Li + B (?) + + ? H, V 9/17 52.9 38.2
Total 25/29 24/29  (23+3)/29 609/930

E Endemism: “+” endemic to China, LH life history: 4 annual, B biennial, P perennial, “?” lack of clear description in literature, P parasitism of
tested Pedicularis species: “+” parasitic, “—” occasionally nonparasitic, AM status: “+” mycorrhizal, “+” possibly mycorrhizal,
nonmycorrhizal, MT morphological type of AM: A Arum-type, P Paris-type, “?” uncertainty, F'S detected fungal structure: H hypha, S spore,
V vesicle, A arbuscule, HC hyphal coil, NFC number of fragments colonized by AMF, TNFE total number of fragments examined, % frequency
of colonization, CI colonization index.

w_

of being nonparasitic for the species, which is particularly ~ without experimental evidence. To be cautious, we describe
true when the sample size is small. Therefore, if at least one ~ haustoria with xylem bridge as “presumably functional” in
haustorium was observed on any root of a species, this  this article based on previous findings that such haustoria
species was considered as parasitic and recorded as “+,”  are generally functional in inorganic nutrients and water
while species without trace of haustorium on any sample  transfer (Heide-Jorgensen and Kuijt 1995; Yoder 1997;
roots were considered occasionally non-parasitic and  Cameron et al. 2006; Cameron and Seel 2007).
recorded as “—.” Mycorrhiza types were designated according to Harley
According to previous studies, defense response of host ~ and Smith (1983), and determination of morphological
plants plays a key role in the success of a parasitic plant  types of AM was only based on the presence of arbuscules
(Cameron et al. 2006; Cameron and Seel 2007; Riimer et al. or hyphal coils, since it is difficult to determine whether the
2007). Most haustoria formed on non-host plants are poorly ~ hyphae are intercellular or intracellular without anatomical
differentiated and, thus, not actually functional in nutrient = examination. If at least one root segment was found to
acquisition (Cameron et al. 2006). The structure of a  contain arbuscules or hyphal coils or vesicles, then the
haustorium differs also at different developmental stages  species was noted as an AM plant, recorded as “+.” If the
(Cameron and Seel 2007). Therefore, we cannot assert a  root cortex was found to be colonized by aseptate fungal
haustorium we observed as “functional” or “nonfunctional”  hyphae but no arbuscules or hyphal coils or vesicles were

@ Springer



432

Mycorrhiza (2008) 18:429-436

observed, the corresponding species was noted as possibly
AM, recorded as “+.” Species were recorded as non-
mycorrhizal and presented as “—” when neither arbuscules
or hyphal coils or vesicles nor aseptate fungal hyphae were
detected in their root cortical cells. AM with arbuscules
were recorded “A” (Arum-type), and those with hyphal
coils were recorded “P” (Paris-type).

Determination of AM colonization level

Colonization level of AMF were obtained with colonization
frequency (F%, percentage of colonized fragments) and
colonization index (CI, a parameter representing both
colonization frequency and colonization level of individual
fragments) as described by Li and Guan (2007).

Results

The overall frequency of parasitism and mycorrhizal level
was very high across the studied species (Table 1). Twenty-
four out of the 29 studied Pedicularis species were found to
have developed haustoria. Almost all species were observed
to associate with AMF. Among the 29 species, 23 species
were determined to be mycorrhizal by AMF and three were
found to be possibly colonized by AMF. More than two
thirds of the mycorrhizal species have a colonization
frequency higher than 50%, and colonization index of eight
species are above 50 (Table 1).

We noticed that not all Pedicularis plants needed a host
plant nearby to survive, even for the species that could
develop presumably functional haustoria, namely with a
xylem bridge, such as Pedicularis dichotoma Bonati.
During the fieldwork, a plant of this species was found at
a fruiting period without any potential host plants within its

reach, and no roots of any other plants were detected
nearby by excavation. The absence of potential host plants
was also observed for plants of other Pedicualris species at
various growing stages.

Among the observed haustoria, most were found to
develop xylem bridges (Fig. 1a), which connect the para-
sites and host plants. However, some were found to form
only structures similar to those of haustoria but without the
formation of a xylem bridge (Fig. 1b).

As to the fungal structures, vesicles were the most
frequently encountered and the most abundant structures in
the studied species (Fig. 2), being detected in all mycorrhi-
zal species, except for three possibly mycorrhizal species
(Pedicularis axillaries Franch., Pedicularis bietii Franch.,
and Pedicularis tricolor Hand.-Mazz.), from whose roots
the only fungal structures detected were aseptate hyphae
(Table 1). Intraradical and extraradical hyphae were also
frequently observed. Intraradical and extraradical spores
were occasionally detected in several species. Arbuscules or
hyphal coils were only found in less than half of the
checked species. All structures varied in shape and size,
even in the same Pedicularis species.

Both major AM morphological types, i.e., Arum-
and Paris-types, were observed in the genus Pedicularis
(Table 1 and Fig. 3). Six species developed only Arum-type
mycorrhizas and four formed only Paris-type associations.
One species (P. gracilis Wall.) was found to form both
Arum- and Paris-types associations. The morphological
types of other species were hard to determine due to the
absence of characteristic structures (such as arbuscules and
hyphal coils).

Among the examined root materials, coexistence of
haustoria and AMF in the same root was rather common.
In some cases, mycorrhizal fungi were detected right in the
haustoria (Fig. 1).

Fig. 1 Coexistence of parasitic organ (haustorium) and AMF in the
same rootlet of Pedicularis. a Vesicles detected in presumably
functional haustorium (with xylem bridge) of P. longipes. bar 100
um. The inset at the left bottom is the stereomicrograph of a cleared
haustorium of P. longipes and the one on the right top is a magnified
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image of vesicles detected in the haustorium. b Vesicles and hyphae
observed in haustorium-like structure (without xylem bridge) of P.
salviaeflora. bar 100 pum. The inset at the right bottom shows vesicles
in roots of P. salviaeflora at a higher magnification. A hyphae, V'
vesicles, X xylem, XB xylem bridge
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Fig. 2 Vesicles of AMF in roots
of Pedicularis species. a
Vesicles detected in roots of P.
rex bar 80 um. b Vesicles in
root cortex of P. siphonantha
bar 40 um. H hyphae, V vesicle,
VC vascular cylinder

Discussion

We did not find any evidence for parasitism or mycorrhizal
colonization in only a small number of species. The vast
majority of Pedicularis species studied were either parasitic
or mycorrhizal, with 19 of the 29 species studied being both
parasitic and mycorrhizal. The results need to be interpreted
with caution. According to our previous analysis, intraspe-
cific variation exists in terms of mycorrhizal colonization of
Pedicularis species in different sampling sites (Li and Guan
2007). Thus, based on our limited database, we cannot
make the assertion that the nonmycorrhizal species in our
survey are free of mycorrhizal associations by nature.
Similarly, the lack of parasitism in a few species may be
due to a relatively small sample size. By this token, co-
occurrence of parasitism and mycorrhiza in Pedicularis
may be more common than what our data show.

Pedicularis has been known for the complex difficulties
encountered in cultivation due to the unknown limiting
factors for its cultivation (Li and Guan 2007). Previous
studies used to focus on the interactions between Pedicularis
and its host plants, which have not proven successful. The
high frequency of AM associations in 26 out of 29
Pedicularis species studied, of which the majority were
found to be parasitic, strongly suggests that not only host
plants but also AMF should be seriously considered in
cultivation of these plants.

Fig. 3 Two morphological
types of AM observed in

roots of Pedicularis species.

a Arum-type AM: part of a
colony of an AM fungus result-
ing from growth of arbuscules
from a single penetration site in
a root of P. gracilis bar 40 pm.
b Paris-type AM: hyphal coils
in root cortex of P. tenuisecta
bar 40 um. A4 arbuscule, HC
hyphal coil, /H intraradical
hypha, PS penetration site

It was suggested that there would be very few exceptions
to the rule that members of a single plant genus form only
one AM morphological type (Smith and Smith 1997).
However, according to our observations, different types
may form in the genus Pedicularis, even in a single species
(e.g. P. gracilis). This agrees with Kubota et al. (2005) who
reported that both Arum- and Paris-types were detected in
the same root systems of test cucumber and tomato species.
With regard to controlling factors of the morphology of AM
associations, some have suggested that it could be related to
plant taxa (Gerdemann 1965; Smith and Smith 1997),
whereas others have argued that fungal identity may also
play an important role in controlling morphological types of
AM (Cavagnaro et al. 2001). Although our study was not
designed to address such an issue, the observation of two
AM morphological types in a single species may indicate to
some extent that formation of certain morphological type is
the result of interplay between both the plant and the fungal
identity (Cavagnaro et al. 2001). Also, environmental
factors may play a role (Yamato 2004).

Undergoing a preparasitic phase prior to the develop-
ment of functional haustoria is a common phenomenon for
hemiparasitic angiosperms, which can last for up to several
months (Seel et al. 1993). So, the discovery of Pedicularis
plants growing independently under field conditions is
indeed nothing unusual. Something unusual is the coexis-
tence of mycorrhizal fungi and haustoria in the same
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rootlets. It was previously suggested that parasitic plants do
not form mycorrhizal associations, which is obviously not
the case for Pedicularis. Coexistence of parasitic organs
and AMF in the same rootlets suggests that being parasitic
does not conflict with being mycorrhizal in Pedicularis
species.

Unlike holoparasitic members of Orobanchaceae, seed
germination of Pedicularis is independent of signals from
host plants (Li et al. 2007), which may set their seedlings at
a risk of high mortality due to lack of nutrient or water
supply when host plants are not available. Considering the
ubiquity of AMF, being mycorrhizal may help seedlings of
Pedicularis to survive in case of the absence of proper host
plants. Theoretically, Pedicularis plants without surround-
ing hosts may have higher mycorrhizal colonization levels
than those attached to proper host plants. However, this
hypothesis needs to be testified by further and more specific
research.

The high colonization frequency and heavy colonization
level by AMF indicate a significant ecological role of these
fungi. Frequent detection of vesicles in examined species
suggests a role of AMF in nutrient cycling of Pedicularis.
Yet, the functional relations between the two nutrient
strategies await more experimental studies.

According to previous findings, some Pedicularis
species were considered obligate parasites, which would
not survive without the presence of proper host plants
(Piehl 1965; Lackney 1981; Petrti 2005), whereas others are
facultative ones, which can grow well with or without a
host plant (Sprague 1962; Nickrent 2002). Despite the
difference in their dependence on host plants, all studied
Pedicularis species were reported to have a very wide host
range, which could reach up to 80 species from 35 families
(Piehl 1963). Whether Chinese Pedicularis are facultative
or not remains unclear. But, our preliminary studies on the
host range of several Chinese species revealed that Chinese
Pedicularis also have very wide host ranges (Li 2007). All
the findings indicate that Pedicularis species are primitive
parasitic plants, showing little host specificity and partial
dependence on host plants. Lack of specificity in the
parasitic mode may facilitate another strategy to develop or
maintain (e.g., being mycorrhizal). According to Lackney
(1981), Pedicularis may be parasitic due to an inability to
obtain iron or phosphorus. Since most AMF can enhance
nutrient (particularly phosphorus) uptake of host plants
(Harley and Smith 1983; Aarle et al. 2002; Ryan et al.
2003), being mycorrhizal may be an alternative strategy for
these plants.

Although indirect influence of mycorrhizal fungi on the
growth of parasitic plants during coinfection of host plants
has recently been noticed by some (Davies and Graves
1998; Salonen et al. 2000; Salonen et al. 2001), studies
concerning the direct relations between parasitic plants and
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their symbiotic fungi are lacking and no efforts have ever been
taken to investigate the nutrient contribution by the fungal
partners. This is something to be done to testify the exact role
of mycorrhizal fungi in nutrient acquisition by parasitic plants.
Also, previous experiments have indicated that some parasitic
plants would not be colonized by mycorrhizal fungi even with
the presence of mycorrhizal inoculants in greenhouse or
laboratory conditions (Davies and Graves 1998; Salonen et al.
2001; Gworgwor and Weber 2003). The mechanism of being
able to develop mycorrhizal associations by some hemi-
parasitic plants (such as Pedicularis) but not by others (e.g.,
Rhinanthus minor, Davies and Graves 1998) requires further
investigation.
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