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Abstract Frankia strains nodulate the native actinorhizal
plant Ochetophila trinervis (sin. Discaria trinervis), which
grows in stream margins and nearby areas in northwest
Patagonia (Argentina). Infective Frankia are found in soils
with presence of host plants but also may be found in areas
lacking them. This may be partly explained by water transport
of Frankia propagules but there are other possible sources.
The aim of this study was to discover whether the facces of
introduced mammalian herbivores, including cows (Bos
taurus, adult and calf), horses (Equus caballus), sheep (Ovis
aries), red and/or fallow deer (Cervus elaphus and Dama
dama, respectively), wild boar (Sus scrofa), European hare
(Lepus capensis), or the native upland goose (Chloephaga
picta), could be a source of infective Frankia, and enhance
its dispersal. Faecal material and soil samples were aseptically
sampled in different plant communities, and tested via plant
bioassays using O. trinervis. The faeces of all animals
contained infective Frankia and led to an effective symbiosis
with this plant. Faeces of large introduced herbivores gave rise
to higher nodulation (number of nodulated plants with respect
to the total number of inoculated plants) than faeces of hare
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and upland goose. Soils from the sites where the cow (two
sites), sheep, wild boar and deer facces were collected did not
contain infective Frankia. This suggests that the animals may
have ingested Frankia from plant material and that the
Frankia propagules passed through the digestive tracts of
the animals without losing its infectivity. We conclude that
the faeces of large introduced herbivores contribute to the
dispersal of infective Frankia in Northwest Patagonia.

Keywords Actinorhizal symbiosis - Discaria - Dispersal -
Native and exotic herbivores - nitrogen fixation - Ochetophila

1 Introduction

Infective soilborne Frankia strains occur on all continents,
except Antarctica. In some cases Frankia strain distribution
appears to reflect the range of the plant host, like those that
infect Casuarina. However, other strains, e.g the ones that
infect Alnus are considered cosmopolitan and occur at sites
outside the area where this host occurs (Benson et al. 2004;
Benson and Dawson 2007), being found in circumpolar
(Huss-Danell et al. 1999), as well as southern and central
African regions (Gtari and Dawson 2011). Frankia strains
may occur under a wide range of environmental conditions
(for a review see Dawson 2008) including early succession-
al sites prior to the establishment of any actinorhizal host.
These include coastal sand-dune areas (Oremus 1980;
McCray Batzli et al. 2004), a barrier island (Young et al.
1992), volcanic deposits (Burleigh and Dawson 1994a),
glacial forelands (Kohls et al. 1994) and disturbed sites that
have been reafforested or in degenerated forest soils after
fires (Huss-Danell and Frej 1986) and mine spoils (Zimpfer
et al. 1997; Densmore 2005).

The wide distribution of Frankia bacteria in soils might be
partly explained by their mode of dispersal (Dawson 2008),
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which are still not fully understood. There are uncertainties
about the physiology, ecological niches and interactions of
Frankia in soil (Chaia et al. 2010). Host plants may be the
main factor in maintaining and amplifying Frankia popula-
tions in soil by releasing Frankia propagules from senescent
actinorhizal nodules (Van Dijk 1984). Frankia strains may be
able to remain viable in soils via saprophytic growth
(Smolander and Sundman 1987; Hahn et al. 1999; Mirza et
al. 2007, 2009) and this could contribute to short distance
dispersal. The spreading of Frankia bacteria in soils without
hosts may be via the abiotic and biotic transport of resistant
propagules able to persist in the environment (Burleigh and
Dawson 1994b; Burleigh and Dawson 1995; Chaia et al.
2005; Huss-Danell et al. 1997). The long distance dispersal
of Frankia has been attributed to wind, water, animals (Bond
1976; Arveby and Huss-Danell 1988; Huss-Danell et al. 1997,
Paschke 1993; Paschke and Dawson 1993) and to human
activities, like the addition of soil amendments, such as leaf-
mould, peat (Rodriguez-Barrueco 1968) and manure
(Houwers and Akkermans 1981).

There is strong evidence to suggest that infective Frankia
may be dispersed by some invertebrates, such as arthropods
and earthworms (Paschke 1993; Redell and Spain 1991).
Furthermore, Paschke and Dawson (1993) found that bird nests
contained infective Frankia, while Burleigh and Dawson
(1995) showed that Frankia spores were infective after passage
through the digestive tract of captive parakeets (Melopsittacus
undulates). More recently, faecal samples directly collected
from birds under natural conditions resulted in successful nod-
ulation in Morella cerifera seedlings (Bissett 2008).

In northwest Patagonia, various actinorhizal plant species
occur that belong to the family Rhamnaceae and are found
in plant communities, including humid and xeric forests,
shrublands and steppes. Infective Frankia bacteria have
been found in many soils of the region, including those
devoid of actinorhizal plants (Chaia et al. 2006). The occur-
rence of strains infecting Ochetophila trinervis (sin.
Discaria trinervis) in soils without actinorhizal plants may
due to water transport because Frankia has been found in
sediments of glacial lakes (Chaia et al. 2005) and in wetland
meadow soils in valley bottoms subjected to periodical
flooding (Cardoso et al. 2010). Ochetophila trinervis, is a
plant that has potential in the reclamation of disturbed land
in this part of Patagonia (Reyes et al. 2011).

Domestic and wild mammalian herbivores were introduced
in the region about a century ago (Vazquez 2002). These
animals have caused a large negative impact on the structure
and composition of vegetation in the native forest, shrubland
and step communities (Relva and Veblen 1998; Blackhall et
al. 2008; Raffaele and Veblen 2001; Raffacle et al. 2011;
Nufiez et al. 2009; Barrios-Garcia et al. 2011; Vazquez 2002).

The aim of the present study was to discover if the
introduced mammalian herbivores in Northwest Patagonia
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and the native upland goose (Chloephaga picta), might be
sources or means of dispersal of Frankia propagules capable
of nodulating Ochetophila trinervis.

2 Material and methods

The study was performed in northwestern Patagonia (41°12’
S and 71°20" W), near to the city of San Carlos de Bariloche,
Argentina. Sampling sites included forest, shrubland and
steppe communities (Fig. 1, Table 1) in which any
Rhamnaceae actinorhizal species (Ochetophila trinervis,
Discaria chacaye, D. articulata and Colletia hystrix) oc-
curred. The climate is temperate cool, with strong westerly
winds coming from the Pacific Ocean, with maximum
speeds between September and January. Mean annual tem-
peratures are about 6-8°C, and precipitation is mainly con-
centrated in winter, ranging eastward from 500 to
1000 mm yr ! (Paruelo et al. 1998). Soils are Andisols,
Molisols, Inceptisols and Xeric Mollisols, in forest, wetland,
shrubland and steppe sites, respectively (del Valle 1998;
Roig and Roig 2004; Laos et al. 2000).

Fresh faeces of sheep (Ovis aries), red and/or fallow deer
(Cervus elaphus and Dama dama, respectively), wild boar
(Sus scrofa), hare (Lepus capensis) and upland goose
(Chloephaga picta) were aseptically collected from deposits
found in the field (Table 1). Samples were placed in plastic
bags. Since faeces of red and fallow deer cannot be distin-
guished by simple methods, results refer generically to deer
(Relva and Caldiz 1998). Faecal material of cows (adults
and calves) (Bos taurus) and horse (Equus caballus) were
obtained by cutting each fecal pellet in two pieces with a
knife, whereupon a sub-sample was collected from the inner
part with a disposable spoon. At each site, three soil samples
(about 500 g each) were randomly collected with a shovel at
0—-15 cm depth, to use as controls to check for the occur-
rence of soilborne Frankia. Soil samples from the same site
were combined. All devices used for sampling were disin-
fected with 1 % sodium hypochlorite and then with 70 %
ethanol. Faeces and soil samples were stored at 4 °C before
infectivity assays were performed.

The presence of infective Frankia was tested by a plant
bioassay performed in test tubes filled with 30 mL of a
mixture (1:1, v/v) of sterile sand and vermiculite as substrate.
Seeds of Ochetophila trinervis (collected in Bariloche,
February 2005) and dry-stored at —20°C, were scarified and
stratified and germinated on moist sterile vermiculite (Chaia et
al. 2006). Two seedlings at the cotyledon stage, were trans-
ferred to each tube.

The faecal samples from each animal species were tested
separately and considered as a replicate. In the laboratory,
the inocula were prepared as follows: the faecal samples of
sheep, deer, wild boar, hare and upland goose were
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Fig. 1 Schematic map of the
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aseptically cut with a scalpel, and a sub-sample was collect-
ed with another sterile scalpel from the inner part, taking
care to avoid collecting superficial parts which could have
been in contact with the soil. 1 to 3 g (fresh weight) of each
fecal sub-sample was added to each sterile test tube contain-
ing 10 mL of Evans nutrient solution without N diluted to 1/
10 of full strength (Huss-Danell 1978) and mixed in a vortex

for 1 min. Due to the exploratory character of this study,
different inoculum doses and growths conditions were used
in assays (see Table 2). For each replicate, one to three tubes
with seedlings were used and inoculated with a faeces
suspencion dose of 1 mL. Additionally, the faeces of horse,
wild boar, deer, upland goose and hare were inoculated to
other tubes with plants at a dose of 2 mL (Table 2). To

Table 1 Faeces of different

vertebrates collected at sites of Faeces source Site Site code Plant community
Northwest Patagonia (see site N
location in Fig. 1) used to test Cow Nirihuau 1 Shrubland
the presence of Ochetophila tri- Cow San Ramén 2.1 Steppe
nervis infective Frankia Cow Paso Flores 3 Shrubland
Calf San Ramon 2.3 Wetland meadow
Sheep Paso Flores 3 Shrubland
Sheep San Ramon 2.2 Steppe
Horse Laguna Fantasma 5 Wetland meadow
Horse Bahia Serena 6 Wetland meadow
Horse Hipédromo 7 Shrubland
Wild Boar Isla Victoria, Pen. Manzanito 8.1 Forest
Wild Boar Isla Victoria, Centro 8.2 Forest
Deer Isla Victoria, Pen. Manzanito 8.1 Forest
Deer Isla Victoria, Centro 8.2 Forest
Hare Virgen de las Nieves 4 Shrubland
Upland Goose Bahia Serena 6 Wetland meadow
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Table 2 Vertebrate faeces inoc-
ulated to Ochetophila trinervis
seedlings grown in test tubes.

Faeces source
(site code)

Number of faeces
tested (replicates)

Test tubes inoculated
with each dose

Inoculum dose/s
applied to each

Faeces inoculum
dose (mg/mL)

Mean (+ standard deviation) in- tube (mL)

oculum dose (on a dry weight

basis) diluted in Evans solution Cow (1) 3 276 1 3

N-free 1 / 10 of full strength. Site Cow (2.1) 10 150+51 1 1

codes are described in Table 1 Cow (3) 5 278 1 3
Calf (2.3) 5 151425 1 1
Sheep (3) 5 42+1 1 3
Sheep (2.2) 15 212459 1 1
Horse (5) 2 27149 1/2 2
Horse (6) 5 263+11 1/2 2
Horse (7) 3 259+5 1/2 2
Wild Boar (8.1) 8 264+14 1/2 2
Wild Boar (8.2) 2 200+84 1/2 2
Deer (8.1) 4 204+36 1/2 2
Deer (8.2) 10 256+26 1/2 2
Hare (4) 10 98+2 1/2 2
Upland Goose (6) 5 96+3 1/2 2

determine the occurrence of infective Frankia in soils of the
collection site, seedlings were inoculated with 2 g of each
soil. One to three additional tubes per treatment were also
inoculated with Frankia strain BCU110501 (Chaia 1998) to
be used as positive controls and an additional 10 to 20 pots
or tubes with only substrate and seedlings served as negative
control, for each assay. All tubes were capped with sterile
cotton plugs and their lower parts were protected from light.

At the beginning of the assays seedlings were watered with
Evans solution diluted to one tenth of full strength and with N
0.71 mM as NH4NOj; (Huss-Danell 1978). Then, seedlings
were watered when necessary and cultivated for 10 to
12 weeks. Plants inoculated with samples from Nirihuau and
Paso Flores sites (Fig. 1) were grown in a greenhouse, with
16 h daylight and without temperature and humidity control.
Plants inoculated with all other inocula were grown in a
growth chamber with 16 h photoperiod provided by metal
halogen lamps (Philips HPI-T 400 W and Philips SON-T Plus
400) (photosynthetically active radiation was ca.
318 uM m s~ '). Average minimum and maximum temper-
atures were 22 and 27 °C, respectively, while average relative
humidity was 44 %. Subsamples of faeces and soils were
placed in the drying oven at 70°C for 24 h to further determine
their water content. Wet and dry weights were measured
before and after drying, respectively. The water content was
calculated from the wet and dry weights.

The plant growth and the presence of nodulation were
recorded in every plant. Actinorhizal nodules were fixed in
4 % glutaraldheyde. Lobes of 3 nodules per plant were
excised in slices by hand, stained with cotton blue and were
examined under an Olympus light microscope to determine
the presence of Frankia vesicles.
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The nodulation was recorded as the number of nodulated
plants with respect to the total number of inoculated plants.
Data were calculated as average number nodules per plant
within each tube. The mean growth of nodulated O. trinervis
seedlings inoculated with faeces was compared with the
non-inoculated control corresponding to the same assay by
Mann-Whitney U-Test .

3 Results and discussion

In nature, interactions occur among actinorhizal organ-
isms and a dynamic range of biotic, physical and chem-
ical agents. Such complexity is the norm and not the
exception. A complex of environmental factors deter-
mines the actual survival, growth nodulation and nitrogen
fixation of the symbiotic partners at any given site on the
Earth’s surface (Dawson 2008). This study provides one
example of these interactions between introduced mam-
malian herbivores (and a native bird) and the nitrogen
fixing actinomycete Frankia in various vegetation com-
munities of Northwest Patagonia.

Our results showed that the faeces of the different verte-
brates collected in the field (Tables 1 and 3) contained
Frankia that was able to infect Ochetophila trinervis, a plant
in the Rhamnaceae. However, this ability varied with the
different animals; faecces of the large herbivores (cow and
calf, sheep, horse, deer and wild boar), produced more
nodulated plants than the faeces of hare and the native
upland goose (Table 3). The nodulating strains were able
support an effective symbiosis as indicated by the green
shoots, the presence of vesicles inside the nodules and the
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Table 3 Nodulation of Ochetophila trinervis plants (number of nodu-
lated plants / total number of inoculated plants) inoculated with verte-
brate faeces or soils. Positive controls were additionally inoculated
with Frankia BCU110501. Site codes are described in Table 1

Faeces source (site Inoculum
code)

Faeces Soil

Treatment  Positive  Treatment  Positive

control control

Cow (1) 1/9 0/9 0/3 2/3
Cow (2.1) 8/10 8/10 3/7 5/17
Cow (3) 2/15 5/15 0/3 2/3
Calf (2.3) 5/5 4/5 0/7 4/17
Sheep (3) 2/15 4/15 0/3 2/3
Sheep (2.2) 14 /15 13/15 0/7 4/17
Horse (5) 3/4 2/4 nd? nd
Horse (6) 5/10 8/10 4/17 7/17
Horse (7) 5/6 4/6 1/7 0/7
Wild Boar (8.1) 13/16 15/16 0/7 7/17
Wild Boar (8.2) 4/4 4/4 2/7 5/17
Deer (8.1) 1/8 5/8 2/7 5/7
Deer (8.2) 10/20 13/20 0/7 7/17
Hare (4) 1/20 7/20 4/17 4/17
Upland Goose (6) 1/10 6/10 4/7 7/7

?na: not determined

high dry weight of the nodulated plants (Table 4). The

negative control plants did not develop any nodules.
Although we included controls to try to detect any Frankia

contamination of the faeces by the surrounding soil (soil

controls), it is not possible to rule out entirely contamination
from the environment. Inoculation with hare and upland goose
faeces resulted in extremely low nodulation, and the soils from
the same sites were infective. Thus, it is possible that those
faeces were contaminated with soils. However, in the case of
faeces of cow, sheep, calf, deer and wild boar, we can disre-
gard the notion of Frankia propagules originating from soil
contamination. This is because none of the soil samples col-
lected from the same sites as the faeces were infective
(Table 3). Therefore it is likely that these animals are trans-
porting agents of Frankia as a result of ingestion of propa-
gules. Horse faeces may also be transporting agents, but more
studies are necessary to confirm this because the associated
soils also contained Frankia and were infective in the bioas-
say. Indirect evidence that cattle faeces are a significanat
sources of Frankia propagules is also provided by the finding
that non-inoculated A/nus glutinosa seedlings grown for
2 years in plots treated with farmyard manure were highly
nodulated as compared with seedlings treated with P, K and N
amendments (Houwers and Akkermans 1981).

Some of the herbivores in Patagonia consume actinorhizal
shrubs. For example, red and fallow deer browse Colletia
hystrix, Discaria chacaye (Relva and Caldiz 1998; Relva
and Veblen 1998, Barrios-Garcia et al. 2011) and D. articulata
(Pelliza et al. 1997), while cows and sheep have been ob-
served to feed on D. chacaye and D. articulata (Manacorda
et al. 1996). We suggest that Frankia propagules, in the
form of spores or hyphae, may be present on the surfaces
of these plants that are close to the soil surface. It is known
that infective Frankia occurs in the superficial soil layers
(at 0-3 cm soil depth) in the region (Chaia and Raffaele 2000).
Therefore it is be possible that propagules are ingested during

Table 4 Mean growth and nod-

ulation (and standard deviation) Inoculum N Nodules per Shoot Height ~ Root Length ~ Shoot DW Shoot/

of O. trinervis seedlings inocu- (Site code) plant (number)  (cm) (cm) (mg) Root (DW)

lated and nodulated with verte-

brate faeces collected in field in Cow (1) 1 1 13.0 11.5 9.4 1.4

Northwest Patagonia. Site codes  Cow (2.1) 8 11+14 3.8+1.0 13.0£1.6 9.6+2.3 %  0.5+0.1

are described in Table 1. Signif- (0 5y 2 2 14.841.1 13.242.5 9.1:2.8 0.740.4

icant differences with the non-

inoculated control corresponding Calf (2.3) 5 T£2 3.9+1.0 12.6+2.2 9.9+3.2 * 0.6+0.3

to the same assay are indicated Sheep (3) 2 2 10.5+£3.5 * 12.0£2.8 13.0£9.2 *  0.9+0.1 *

by an asterisk (P<0.05) Sheep (2.2) 14 12+10 9.543.2 * 13.4+1.6 167443 %  0.7+0.2 *
Horse (5) 3 3+3 43+1.8 13.3+5.6 8.1+5.5 0.6+0.2
Horse (6) 5 5+8 4.5+1.0 13.7£1.5 10.5£3.1 *  0.4+0.1
Horse (7) 5 10+8 6.1£1.2 13.5+0.9 179+3.6 *  0.6+0.1
Wild Boar (8.1) 13 10+8 9.3+£5.4 * 14.542.0 * 19.1£59*  0.9+0.4 *
Wild Boar (8.2) 4 38+24 13.3£3.2 * 11.4+2.1 27.5+84*  1.0£04 *
Deer (8.1) 1 7 2.6 17.2 6.7 0.6
Deer (8.2) 10 543 3.6£1.3 14.842.2 6.2+3.0 * 0.8+0.4
Hare (4) 15 4.7 15.0 9.2 0.5
Upland Goose (6) 1 1 3.8 10.5 25.0 0.7
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grazing (cow, sheep and calf) or browsing (sprouts, saplings,
leaves, or bark) at or near ground level (deer, horse and cow).
Digging and rooting activities by wild boar could be the
source of their Frankia propagules. It appears that all or a part
of consumed Frankia propagules remain infective after pas-
sage through the digestive tract of mammals. Thus, Burleigh
and Dawson (1995) demonstrated that the spores of a Frankia
strain survived passage through the digestive tracts of captive
parakeets but hyphal filaments lost most of their infective
capacity. It would be interesting to study if scarification of
Frankia propagules occurs during passage through the diges-
tive tract of mammals and whether this might increase the
nodulation capacity to a different extent depending on the
animal species.

Spores of other symbiotic plant microbes like the
vesicular-arbuscular mycorrhizal fungi Glomus have been
already identified in the faeces of wild mammals such as elk
(Cervus elaphus nelsoni), mule deer (Dama hemionus hemi-
onus), and pronghorn antelope (Antilocapra americana)
(Warner et al. 1987). However this paper appears to be the
first to report herbivore mammal species as a significant
source of infective Frankia. The finding that the faeces of
some large introduced mammals in Patagonia contain and
may disperse infective Frankia, indicates an impact on local
ecosystems. The role of these exotic vertebrates should be
considered in studies on the spread of soil microorganisms
such as the symbiotic nitrogen fixing bacterium Frankia.
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