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ABSTRACT: Locoweeds are defined as Astragalus and Ouxytropis species that induce locoism due to the toxic alkaloid swainsonine.
Swainsonine was detected in all parts of Astragalus lentiginosus and Astragalus mollissimus, with greater concentrations found in the
aboveground parts. Undifilum oxytropis, a fungal endophyte responsible for the synthesis of swainsonine, was detected in all plant
parts of A. lentiginosus and A. mollissimus. The amount of endophyte within a plant part does not always correspond to the
concentration of swainsonine in the same part. Plants of A. mollissimus and A. lentiginosus can be divided into two chemotypes: those
that contain swainsonine (>0.1%; chemotype 1) and those that contain little or no detectable swainsonine (<0.01%; chemotype 2).
Chemotype 1 plants in both species had quantitatively higher amounts of endophyte compared to chemotype 2 plants. Swainsonine
and endophyte amounts were not uniformly distributed within stalks of the same plant. For that reason, repeated sampling of stalks
from the same plant during one growing season may provide misleading results. Sequence variants of U. oxytropis exist within
populations of A. mollissimus, A. lentiginosus, and Oxytropis sericea and do not correlate with chemotype. These findings suggest
several possible reasons for differential concentrations of swainsonine that will be tested in future work.
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B INTRODUCTION

Locoweed poisoning is a widespread poisonous plant problem
in the western United States, occurring in most plant communities."
Locoweeds are defined as Astragalus and Oxytropis species that
induce locoism due to the toxic alkaloid swainsonine.” Locoweed
intoxication is not limited to North America; Astragalus and
Oxytropis species that contain swainsonine have poisoned ani-
mals in Asia and South America.® Additionally, other plants have
been documented to contaln swainsonine, including Swainsona
canescens in Australia * and some Ipomoea, Sida, and Turbina
species in South America and Africa.>”’

The fungal endophyte Undifilum oxytropis found in locoweeds,
previously described as Embellisia oxytropis, has been shown to be
responsible for the synthesis of swainsonine.® ' U. oxytropis
grows endophytically without causing any apparent symptoms to
the plant; however, the exact nature of the plant—endophyte
interaction has yet to be determined.® U. oxytropis has not been
observed growing outside the plant or sporulating on plant material.
The endophyte has been detected via microscopy, culturing, and
polymerase chain reaction (PCR); of these, PCR is the most
sensitive.'' 2

Locoweeds vary greatly in their swainsonine concentrations.
For example, populations of Oxytropis sericea, Oxytropis lambertii,
and some Astragalus species may contain plants in which swainso-
nine may not be detected or have concentrations ranging from
0.001 to 0.38%.""'*'* Additionally, it has been shown that
O. sericea plants with swainsonine concentrations of >0.01%
had greater amounts of endophyte than O. sericea plants with
swainsonine concentrations of <0.005%, suggesting that endo-
phyte and swainsonine concentrations were related and thus
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possibly explaining the highly variable concentration of swainso-
nine in locoweeds.

This research is part of a systematic study to determine if obser-
vations from O. sericea" can be extrapolated to other locoweed
species represented by the Astragalus genus. Astragalus mollissimus
and Astragalus lentiginosus were chosen because of their historical
significance in poisoning episodes and because they have differ-
ent growth habits when compared to O. sericea.'® O. sericea has an
acaulescent growth habit: all aboveground parts (scapes, leaves,
flowers, and pods) arise from the crown. A. lentiginosus has a
caulescent growth habit: leaflets, flowers, and pods arise from the
multibranched stem. In contrast, A. mollissimus is subcaulescent
to shortly caulescent.'® We speculate that these differences in
growth habit may influence the distribution of swainsonine and
the endophyte.

To determine if observations from O. sericea'® could be extra-
polated to Astragalus, the objectives of this study were (1) to
determine if A. mollissimus and A. lentiginosus plants in which
swainsonine is not detected, or detectable at concentrations at or
near the detection threshold (0.001%), have lower amounts of
endophyte than plants with quantitatively higher amounts of swainso-
nine; (2) to determine the concentration of swainsonine and
amount of endophyte in the different plant parts of A. mollissimus
and A. lentiginosus at a single developmental stage from a single
population; (3) to determine if swainsonine and endophyte
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amounts vary between stalks within the same plant of A. mollissimus
and A. lentiginosus; and (4) to determine if the internal transcribed
sequence (ITS) of the endophyte, U. oxytropis, is different
between swainsonine-containing plants and those with little or
no detectable swainsonine from A. mollissimus, A. lentiginosus, or
O. sericea.

B MATERIALS AND METHODS

Plant Materials. Fifty plants of A. mollissimus Torrey var. mollissimus
(wooly loco) were collected in Union County, New Mexico (N 36° 32.161/,
W 103° 31.838’). Thirty plants of A. lentiginosus Douglas ex Hooker var.
wahweapensis (freckled milk-vetch, Wahweap milk-vetch) were collected
in Garfield County (Henry Mountains), Utah (N 38° 05.199’, W 110°
58.729"). The plants collected were in full flower/early pod and divided
into their corresponding parts representing the root (underground axis
of the plant, tap root), crown (persistent base of a herbaceous perennial,
nonphotosynthetic woody tissue extending from ground level to tap root),
leaves (odd-pinnate with leaflets being opposite), stem (aboveground
axis of plant bearing leaves and floral parts), flowers, and pods (green
dehiscent fruits). These plants were used to investigate objectives 1, 2,
and 4. In addition, whole plants of A. lentiginosus var. wahweapensis that
had been previously collected from the same site as above were used to
investigate objective 4. O. sericea Nuttall plants (n = 8) collected pre-
viously for use in ref 15 representing chemotype 1 and 2 plants were used
to investigate objective 4.

Ten plants of A. mollissimus var. earlei were collected from Jeff Davis
County, Texas (N 30° 34.635', W 103° 43.357'). Ten plants of A. lentiginosus
var. wahweapensis were collected, five from the site described above
and five from another site in Wayne County (Henry Mountains), Utah
(N 38° 11.573/, W 110° 44.915"). These plants were divided into five
equal stalks; each stalk contained leaves, stems, and flowers/pods and
was used to investigate objective 3. Five aliquots from a control sample,
representing a ground composite of a single A. lentiginosus plant, were
extracted to determine the range, mean, and relative standard deviation
associated with the method of extraction and analysis for swainsonine
and endophyte content as part of objective 3.

Immediately after collection all plant material was bagged and frozen
on dry ice. Upon return to the laboratory the plants were freeze-dried
and ground through a 2 mm screen in a Wiley mill. Swainsonine and
DNA were extracted from this plant material for further analyses.

DNA Extraction. DNA was extracted from freeze-dried, ground
plant material (~20 mg) using the DNEasy Plant Mini Kit (Qiagen Inc.,
Valencia, CA). Extractions were performed according to the manu-
facturer’s instructions. DNA was quantified with the ND-1000 spectro-
photometer (Nanodrop Technologies, Wilmington, DE).

PCR Primers. The PCR primers used have successfully detected
the presence of the fungal endophyte U. oxytropis in Oxytropis and
Astragalus species."' '*'® The primers used were ITS 5 (5 GGA AGT
AAA AGT CGT AAC AAG G 3') and ORIa (5’ GTC AAA AGT TGA
AAA TGT GGC TTG G 3'), which amplify the internal transcribed
spacer (ITS) region. Primers were synthesized by Integrated DNA
Technologies, Inc. (Coralville, IA).

Quantitation of the Fungal Endophyte. The fungal endo-
phyte U. oxytropis was quantitated via gPCR, and the identity of the endo-
phyte was verified by a restriction enzyme diagnostic digest as described
previously.'>"

Swainsonine Analysis. Swainsonine detection and concentration
was measured using a modification of a previously published procedure'”
in the following manner. A measured quantity (S0 mg) of dried plant
material was placed in a 2 mL screw-cap microcentrifuge tube. Samples
were finely ground using a Retsch MM301 mixer mill set at a frequency
0f16.0 for S min. The ground plant material was then extracted in 1.5 mL
of 2% acetic acid for 16 h with agitation. After extraction, the samples

were centrifuged and 0.05 mL of extract was added to 0.95 mL of
20 mM ammonium acetate in a 1 mL autosampler vial. Samples were
then analyzed by LC-MS as previously described.'* The detection limit
of swainsonine was 0.001% of dry weight.

DNA Sequencing. PCR products were prepared for sequencing
with the QIAquick PCR purification kit (Qiagen Inc.) according to the
manufacturer’s instructions. The ITS region was sequenced using both
the forward and reverse primers used for amplification. DNA sequencing
was performed at the Genomics Core Facility, Center for Integrative
Biology, Utah State University, Logan, UT.

Data Analysis. Swainsonine and endophyte concentrations were
examined in plant parts using a general linear model of SAS (PROC GLM)
(SAS Institute, Cary, NC). Mean comparisons among plant parts after a
significant (P < 0.05) F test were done with preplanned comparisons
using the PDIFF procedure in SAS. Initial data analysis revealed two
potential chemotypes of Astragalus: one containing swainsonine con-
centrations well above the detection threshold for swainsonine (>0.1%;
chemotype 1) and another with little or no swainsonine (<0.01%;
chemotype 2); therefore, plants from these two chemotypes were com-
pared for endophyte and swainsonine concentration using the GLM
procedure with least-squares means for unbalanced sample sizes. Means
were compared using the PDIFF procedure in SAS. If no treatment X
part interaction was observed or the comparison between chemotypes
could not be made, the means were compared using Duncan’s multiple-
range test. The variation in swainsonine concentration among stalks was
determined using descriptive statistics, including the relative standard
deviation (RSD, %), which is the absolute value of the coefficient of
variation.

B RESULTS AND DISCUSSION

Swainsonine in Chemotypes and Plant Parts. Plants of
both species were separated into two groups for analysis based
upon externally determined criteria from previous observations: '
chemotype 1 plants containing swainsonine concentrations of
>0.10% in leaves and chemotype 2 plants containing swainsonine
concentrations of <0.01% in leaves. Swainsonine was detected at
concentrations of >0.10% in the leaves of 47 of 50 A. mollissimus
plants (94%) and in 29 of 30 A. lentiginosus plants (97%).

Twelve plants from each species representing chemotype 1
plants (>0.10% swainsonine in the leaves) were selected using a
stratified selection based upon the concentration of swainsonine
in leaves. These plants were analyzed for swainsonine content in
each plant part. Mean swainsonine concentrations ranged from
0.03% in roots to 0.26% in flowers of A. mollissimus (Figure 1A).
Mean swainsonine concentrations ranged from 0.04% in roots to
0.24% in leaves of A. lentiginosus (Figure 1B). Swainsonine con-
centrations were similar between the two species. Swainsonine
was found in all plant parts, and its concentrations were approxi-
mately 10 times greater in aboveground tissues than in under-
ground tissues (P <0.001) (Figure 1); similar observations were
also made in O. sericea."> Swainsonine concentrations differed
in their accumulation in the aboveground parts of each species.
For example, in A. mollissimus the floral parts (flowers and pods)
had the highest concentrations of swainsonine, whereas in
A. lentiginosus the leaves had the highest concentrations of
swainsonine as was observed in O. sericea.">"® We have no expla-
nation as to why swainsonine accrues differently in different plant
parts of A. mollissimus when compared to A. lentiginosus and
O. sericea; these plants were all collected at a similar develop-
mental stage, and apparent differences in endophyte amounts
between parts or growth habits of the plant do not readily explain
these observations.
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Figure 1. Swainsonine concentrations (%) in plant parts: (A) Astragalus
mollissimus; (B) Astragalus lentiginosus. Mean swainsonine concentrations &
standard error of parts (root, crown, stem, leaf, flower, and pod) from 12
individual plants are shown. Different letters above each bar represent sig-
nificance at P < 0.0S.

Swainsonine concentrations of chemotype 2 plants averaged
0.002% in the flowers of three plants of A. mollissimus; no
swainsonine was detected in any of the other plant parts
(root, crown, stems, leaves, and pods). In A. lentiginosus a single
chemotype 2 plant contained swainsonine concentrations of
0.001% in the crown, stems, and leaves and 0.002% in the root and
pod. Swainsonine was not detected in the flowers of this plant.

The swainsonine concentrations of chemotype 1 and 2 plants
were compared for all plant parts. There was a plant part X
chemotype interaction (P<0.001) for swainsonine concentration
in A. mollissimus. Chemotype 1 plants had greater swainsonine
concentrations in all aboveground parts (P < 0.001) and the
crown (P<0.01) compared to chemotype 2 plants. No statistical
comparison was made between these groups for A. lentiginosus
because only a single chemotype 2 plant was identified. However,
swainsonine concentrations of chemotype 1 plants of A. lentiginosus
were much greater (10X or greater) in all plant parts when com-
pared to this single chemotype 2 plant.

Endophyte Content in Chemotypes and Plant Parts. A
qPCR method recently developed'® for the quantitation of
U. oxytropis allowed determination of endophyte amounts in
each of the tissues. Endophyte amounts were investigated in the
plant parts of the 12 preselected chemotype 1 plants and the
chemotype 2 plants of both species. The endophyte was detected
in all plant parts of chemotype 1 and 2 plants of both Astragalus

18
16 Cc

14 4
12 4 B.C

10 4
8 4
6
i A AB A

| M 10

T T T T T T

2

A.B

Endophyte Content
(pg/ng total DNA)

root crown stem leaf flower pod

Plant Part

=

30
C

Cc
25 4
20 A B.C

15 A
10 4

1 =i

Endophyte Content
(pg/ng total DNA)

AB
root crown stem leaf flower pod
Plant Part

Figure 2. Endophyte amounts (pg/ng total DNA) in plant parts:
(A) Astragalus mollissimus; (B) Astragalus lentiginosus. Mean endophyte
amounts = standard error of parts (root, crown, stem, leaf, flower, and
pod) from 12 individual plants are shown. Different letters above each
bar represent significance at P < 0.0S.

species as they were in O. sericea.'® Mean endophyte amounts of
A. mollissimus chemotype 1 plants ranged from 2.6 pg/ng in roots
to 12.1 pg/ng in the crown (Figure 2A). Mean endophyte amounts
of A. lentiginosus chemotype 1 plants ranged from 0.7 pg/ng in
roots to 21.2 pg/ng in the stems (Figure 2B). Mean endophyte
amounts were at or below the limit of quantitation (0.2 pg/ng) in all
plant parts of A. mollissimus chemotype 2 plants. In A. lentiginosus
the single chemotype 2 plant contained 0.6 pg/ng endophyte in
the leaves, and in all other parts endophyte amounts were at or
below the limit of quantitation.

The endophyte amounts of chemotype 1 and 2 plants were
compared for all plant parts. There was a chemotype interaction
(P<0.001) for A. mollissimus endophyte amounts. As expected,
chemotype 1 plants contained more endophyte than did chemo-
type 2 plants. No other significant interactions were observed;
however, chemotype 1 plants had greater mean amounts of endo-
phyte (10X or greater) in all plant parts. No statistical compar-
ison was made between chemotypes of A. lentiginosus because
there was only a single chemotype 2 plant identified. However,
endophyte amounts in chemotype 1 plants of A. lentiginosus
were much greater (10X or greater) in all plant parts but the root
(3% greater) when compared to the single chemotype 2 plant.
In conclusion, endophyte amounts were approximately 10-fold
greater in most plant parts of chemotype 1 plants when com-
pared to chemotype 2 plants. The endophyte U. oxytropis has
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been shown to produce swainsonine; therefore, these quantita-
tive differences in endophyte amount may result in the differ-
ences in swainsonine concentrations between these two groups
of plants. We hypothesize that these observations made for the
Astragalus populations studied here and the O. sericea population
in our previous work'® can be applied to other populations of
Astragalus and Oxytropis locoweeds in the western United States
and possibly to locoweeds worldwide." "' **

Endophyte amounts differed between plant parts in chemo-
type 1 plants and in some instances did not reflect the concen-
trations of swainsonine in the corresponding tissues (Figures 1
and 2). For instance, in A. mollissimus, the crown contained an
amount of endophyte comparable to that of some aboveground
tissues of the plant ( = 12.1 pg/ng), but did not contain a com-
parable amount of swainsonine ( = 0.06%), whereas the flowers
contained relatively low amounts of endophyte ( = 3.7 pg/ng)
but had relatively high amounts of swainsonine ( = 0.26%). Similar
observations were made for A. lentiginosus and O. sericea.'>'®
These discrepancies may be explained by swainsonine acting as
a potential mobile secondary compound® and, if produced in
the crown, is translocated into the aboveground parts. It is also
possible that the endophyte in the crown tissue is not producing
swainsonine. However, irrespective of the low swainsonine con-
centration in the crown, the large amount of endophyte in the
crown, as reported here and previously in O. sericea,"* may serve as a
reservoir for the endophyte for subsequent growth in the following
year as has been shown in the endophyte-containing grasses.”"

Endophyte distribution in plant parts of Astragalus was similar
to those reported in O. sericea;'* however, some differences were
observed. For instance, O. sericea and the two Astragalus species
investigated here all contained very low amounts of endophyte in
the root and relatively high amounts of endophyte in the crown.
However, they differed in the relative amounts of endophyte in
some plant parts and the distribution between plant parts. For
example, in O. sericea all aboveground parts contained endophyte
amounts similar to or greater than the crown, whereas in A. mollissimus
and A. lentiginosus endophyte amounts were greatest in the crown
and decreased to significantly smaller amounts in the flowers and
pods. We hypothesize that the differences in endophyte distribu-
tion between plant parts in Oxytropis and Astragalus are due to
the different growth habits of the plant and which plant part gives
rise to other plant parts. In grasses it has been shown that
endophyte amounts follow a gradient with the greatest amounts
in the basal regions (crown) and (E{reatly reduced amounts at
the apical ends (tips of leaf blade).>"** We speculate that a similar
gradient may be found within Astragalus as shown by the distri-
bution of the endophyte between plant parts.

Swainsonine and Endophyte Content in Stalks. Previous
research has suggested that swainsonine and endophyte amounts
are not uniform within different stalks of the same plant of
O. sericea."® To determine if the distributions of swainsonine and
endophyte were uniform within individual plants of Astragalus
spp., S stalks per plant from 10 different plants of A. mollissimus
and A. lentiginosus were analyzed for swainsonine and endophyte
amounts. Additionally, five aliquots from a control sample, repre-
senting a composite of a single A. lentiginosus plant, were extrac-
ted to determine the range, mean, and relative standard deviation
associated with the method of extraction and analysis for swainso-
nine and endophyte. The control sample had a mean swainso-
nine concentration of 0.19 & 0.009% (RSD = 5%) (Table 1).
The control sample had a mean endophyte amount of 5.2 +
1.0 pg/ng (RSD = 19%).

Swainsonine was detected in all 10 plants of A. mollissimus and
9 of 10 plants of A. lentiginosus (Table 1). Swainsonine was detec-
ted in each stalk (n = S stalks/plant) of both species in plants
containing swainsonine at >0.01% (Table 1). On the basis of the
results of the control sample analysis, an RSD for swainsonine
concentration of >5% for the stalks representing individual plants
would suggest that swainsonine is not uniformly distributed
throughout the plant. Greater than 85% of the plants analyzed
of A. mollissimus (9 of 10) and A. lentiginosus (7 of 8) showed that
the concentrations of swainsonine were not equally distributed
(Table 1).

U. oxytropis was detected in all plants of both species. The
endophyte was detected in every stalk from all 10 plants of both
species (Table 1). Plants 9 and 10 of A. lentiginosus were plants
with low concentrations of swainsonine or no detectable swain-
sonine, and they contained endophyte amounts near or below
the limit of quantitation of 0.2 pg/ng total DNA. Plants 9 and 10
of A. lentiginosus represent two additional chemotype 2 plants.
Mean endophyte content in aboveground parts of A. mollissimus
and A. lentiginosus containing swainsonine was approximately 9.8
and 4.9 pg/ng total DNA, respectively, or a relative endophyte
biomass of 0.98 and 0.49% with a range of 0.2—3.3% between the
two species (Table 1). The relative endophyte biomass reported
here for A. mollissimus and A. lentiginosus was similar to the relative
endophyte biomass in O. sericea (0.5—4.0%) and an Epichloe/
Neotyphodium symbiotic association with perennial ryegrass,
estimated to be between 0.3 and 1.9%.”® On the basis of the
results of the control sample analyses, an RSD for endophyte
amount of >19% for the stalks representing individual plants
would suggest that the endophyte is not uniformly distributed
throughout the plant. The RSD was >19% in all of the plants
analyzed of both species. Thus, like swainsonine, the endophyte
was not equally distributed in the analyzed plants (Table 1).
Lastly, these results have important implications in regard to
sampling techniques for future studies, indicating that sampling
different stalks from the same plant over a growing season may
lead to erroneous conclusions in measurements of endophyte
and swainsonine content. We recommend that for any samplin§
regimen, the whole plant or all aboveground parts be harvested."

ITS Sequence. Previous research has suggested that endo-
phyte genetics may explain the low, or lack of, alkaloid produc-
tion in Arizona fescue (Festuca arizonica) and other native grass
species.”* Consequently, we investigated if differences occur in
the ITS sequences of the endophyte U. oxytropis in plants of
A. mollissimus, A. lentiginosus, or O. sericea, where little or no
swainsonine is detected (chemotype 2) compared to plants with
quantitatively higher amounts of swainsonine (chemotype 1).
The ITS region was amplified from 6—10 plants of A. mollissimus
var. mollissimus, A. lentiginosus var. wahweapensis, and O. sericea
representing chemotype 1 and 2 plants. The ITS region was
distinct between each of the three species. Sequence compar-
isons between chemotype 1 and 2 plants were only made within
the same species. The data are summarized in Table 2. Two sequence
variants of Undifilum were present among the six A. mollissimus
plants analyzed. One variant was identical to the GenBank
sequence FJ486217, whereas the other was identical to GenBank
sequence HMS588119; the two sequences differed at a single
position, 340, where T (FJ486217) is substituted with a C
(HMS88119). One plant contained only one sequence variant
corresponding to GenBank sequence FJ486217, whereas the other
five plants contained both sequence variants. Two sequence
types of Undifilum were identified among the 10 A. lentiginosus
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Table 1. Swainsonine and Endophyte Distribution within Stalks of A. mollissimus and A. lentiginosus Plants

swainsonine (%)

endophyte (pg/ng total DNA)

plant mean range SD RSD? (%) mean range SD RSD* (%)
A. mollissimus
1 0.182 0.164—0.214 0.020 11 79 4.7—13.9 39 49
2 0.168 0.092—0.263 0.063 38 334 8.3—67.0 25.8 77
3 0.168 0.161—0.180 0.008 S 7.5 2.0—12.3 3.9 52
4 0.123 0.078—0.169 0.033 27 S$.3 34=75 2.0 38
S 0.122 0.093—0.152 0.025 20 4.5 3.0—7.5 19 42
6 0.120 0.089—0.174 0.033 28 11.7 8.1—-17.9 3.7 32
7 0.118 0.087—0.147 0.027 23 14.1 9.5—21.7 4.7 33
8 0.113 0.059—0.157 0.036 32 2.6 0.5—4.7 19 73
9 0.112 0.101—0.125 0.010 9 6.9 3.5—-16.7 32 46
10 0.094 0.056—0.115 0.023 24 3.7 1.7-5.6 19 S1
mean (1—10) 0.132 23 9.8 50
control” 0.193 0.186—0.209 0.009 S 52 4.0—6.2 1.0 19
A. lentiginosus

1 0.229 0.207—0.258 0.021 9 6.1 2.3—8.0 22 36
2 0.220 0.188—0.235 0.018 8 3.7 2.6—6.1 14 38
3 0.209 0.205—0.212 0.002 1 22 1.1-34 0.9 41
4 0.189 0.170—0.210 0.019 10 4.7 24—6.6 1.7 36
S 0.176 0.157—0.189 0.013 7 10.3 5.7—14.7 4.1 40
6 0.170 0.150—0.192 0.018 11 2.6 2.0—3.7 0.9 35
7 0.167 0.128—0.195 0.025 15 6.4 4.1—11.7 32 S0
8 0.127 0.089—0.166 0.035 28 3.0 14—44 13 43
9 0 0.0—0.001 0.2

10 0 0.2

mean (1—8) 0.186 11 49 40
control” 0.193 0.186—0.209 0.009 S 52 4.0—6.2 1.0 19

“RSD (%), relative standard deviation was calculated by dividing the standard deviation by the mean and multiplying by 100. ®The control, representing
a composite of a single plant, represents five aliquots that were extracted to determine the range, mean, standard deviation, and relative standard

deviation associated with the method of extraction and analysis for swainsonine concentration and endophyte amount.

Table 2. Sequence Variants of Undifilum in Astragalus and Oxytropis Species

nucleotide position” (bp)

species haplotye e 20 28 340 A sz chemotype 1 chemotype 2 Genbank

A. mollissimus 1 - - T T C C 1 FJ486217
2 - - T C C C HMS88119
1/2 - - T T/C C C 3 2

A. lentiginosus 1 A - G C C C 2 3 FJ486218
2 - - T C T T 1 1 HQ690248
1/2 A/ - G/T C C/T C/T 2 1

O. sericea 1 - T T C C C 4 4 HMS88134

“Nucleotide position 184 is characterized by a repeat of three to four A’s and position 190 is characterized by a repeat of four to five T’s.

plants analyzed. Type 1, representing five plants, was identical to
GenBank sequence FJ486218. Type 2 (HQ690248), represent-
ing two plants, differed at four nucleotide positions compared
to type 1 of A. lentiginosus. The three remaining A. lentiginosus
plants contained both sequence types. One sequence variant of

Undifilum was identified among the eight O. sericea plants ana-
lyzed, which was identical to the GenBank sequences HM588134
and HMS8813S, both from O. sericea and EU817504 from
Oxytropis glabra. Interestingly, the ITS sequences of U. oxytropis
from O. sericea and O. glabra are identical between the two plant
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species, although one originates in North America and the other
in Asia. In conclusion, Undifilum ITS sequence variants were
present between the plant species, suggesting that there may be
different species of Undifilum corresponding to each of three
species of locoweeds surveyed. Undifilum ITS sequence variants
are present within both Astragalus species but not O. sericea.
Lastly, the data suggest that differences in the ITS sequence do
not explain differences in swainsonine concentrations between
the two chemotypes of the same species.

The perennial ryegrass/fescue endophyte relationship is agro-
nomically and ecologically important in shaping ecosystems.”>>°
Likewise, the locoweed endophyte relationship is economically
important in rangeland grazing systems and, as a legume, loco-
weeds may play an important role in shaping ecosystems. The
locoweed endophyte shares some similarities with the perennial
ryegrass and fescue endophyte relationship, but there are also
some significant differences between the two systems. For example,
in the perennial ryegrass and fescue endophyte relationship, plants
are either endophyte positive or endophyte negative. Further-
more, grass plants that are endophyte positive may or may not
contain alkaloids depending upon the system being studied.
However, in the locoweed endophyte system, in the species
A. mollissimus, A. lentiginosus, and O. sericea® surveyed thus far
from field collections, all plants contain the endophyte, even
though the endophyte can be cultured only from chemotype 1
plants containing higher swainsonine concentrations."" Addi-
tionally, these plants can be classified into two groups based upon
swainsonine concentration and endophyte amounts as described
in this work and previously."®

The difference in accumulation of swainsonine between the
two chemotypes of A. mollissimus and A. lentiginosus suggests
that a difference in relative toxicity exists between each group.
A conservative threshold concentration for swainsonine toxicity
of 0.001% was suggested previously.”” Swainsonine dosed at or
above 0.2 mg/kg of body weight/day for at least 21 days pro-
duced irreversible neurological disease.”® Much less is known
about lower doses over longer periods of time; however, it has
been suggested that chronic low doses may lead to weight loss
and biochemical lesions.*® Swainsonine concentrations of 0.002%,
the mean concentration found in flowers of chemotype 2 A. mollissimus
plants, would produce a dose of 0.2 mg/kg of body weight/day
only when locoweed consumption was 50% of a grazing animals’
diet at an intake of 2% of their body weight. Therefore, it is
unlikely that plants containing swainsonine concentrations of 0.002%
would pose a significant risk of causing irreversible neurological
disease; however, grazing animals may incur other reversible
negative consequences (e.g., abortion, weight loss) due to long-
term doses of <0.002%.

In conclusion, A. mollissimus and A. lentiginosus plants can be
classified into two chemotypes that differ in their swainsonine
accumulation, and these differences are associated with different
endophyte amounts between the two groups. Currently we cannot
explain how plants with low or nondetectable swainsonine con-
centrations may have arisen; however, some possibilities merit
consideration. First, plants with low or nondetectable swainso-
nine concentrations may have arisen due to imperfect transmission
of a critical amount of the endophyte to the seed or seedling®
that is required for the plant to be colonized with amounts of
endophyte similar to chemotype 1 plants. Second, low-swainsonine
(chemotype 2) plants may suppress endo;)hyte growth due to a
plant genotype by endophyte interaction.”® Third, the genotype
of the endophyte may yet be different between plants that differ

in their swainsonine accumulation, although on the basis of the
current data we may suggest otherwise. These hypotheses, as well
as others, merit further investigation to describe the locoweed
endophyte relationship.

Bl AUTHOR INFORMATION

Corresponding Author
*Phone: (435) 752-2941; fax: (435) 753-5681; e-mail: daniel.cook@
ars.usda.gov.

B ACKNOWLEDGMENT

We thank Jessie Roper, Clint Stonecipher, Scott Larsen, and
Nicholas Gallington for their technical assistance. We also thank
Dr. Rebecca Creamer for a critical review of the manuscript.

B REFERENCES

(1) Cook, D.; Ralphs, M. H,; Welch, K. D.; Stegelmeier, B. L.
Locoweed poisoning in livestock. Rangelands 2009, 31, 16-21.

(2) Molyneux, R. J; James, L. F. Loco intoxication: indolizidine
alkaloids of spotted locoweed (Astragalus lentiginosus). Science 1982,
216, 190-191.

(3) Molyneux, R. J.; Gomez-Sosa, E. Presencia del alcaloide indoli-
zidinico swainsonine en Astragalus pehuenches (Leguminosae — Galegueae).
Bol. Soc. Argent. Bot. 1991, 27, 59-64.

(4) Colegate, S. M.; Dorling, P. R.; Huxtable, C. R. A spectroscopic
investigation of swainsonine: an 0--mannosidase inhibitor isolated from
Swainsona canescens. Aust. J. Chem. 1979, 32, 2257-2264.

(5) Molyneux, R.J.; Mckenzie, R. A.; O’Sullivan, B. M.; Elbein, A. D.
Identification of the glycosidase inhibitors swainsonine and calystegine
B2 in Weir vine (Ipomoea sp. Q6 [aff. calobra]) and correlation with
toxicity. J. Nat. Prod. 1995, 58, 878-886.

(6) Colodel, E. M.; Gardner, D. R; Zlotowski, P.; Driemeier, D.
Identification of swainsonine as a glycoside inhibitor responsible for
Sida carpinifolia poisoning. Vet. Hum. Toxicol. 2002, 44, 177-178.

(7) Dantas, A. F. M; Riet-Correa, F.; Gardner, D. R.; Medeiros,
R. M. T; Barrps, S. S.; Anjos, B. L,; Lucena, R. B. Swainsonine-induced
lysosomal storage disease in goats caused by the ingestion of Turbina
cordata in northeastern Brazil. Toxicon 2007, 49, 111-116.

(8) Braun, K;; Romero, J.; Liddell, C.; Creamer, R. Production of
swainsonine by fungal endophytes of locoweed. Mycol. Res. 2003, 107,
980-988.

(9) Wang, Q; Nagao, H,; Li, Y.; Wang, H.; Kakishima, M. Embellisia
oxytropis, a new species isolated from Owxytropis kansuensis in China.
Mycotaxon 2006, 95, 255-260.

(10) Pryor, B. M.; Creamer, R;; Showmaker, R. A.;; McClain-Romero, J.;
Hambleton, S. Undifilum, a new genus for endophytic Embellisia oxytropis
and parasitic Helminthosporium bornmuelleri on legumes. Botany 2009, 87,
178-194.

(11) Ralphs, M. H; Creamer, R; Baucom, D.; Gardner, D. R;; Welsh,
S. L; Graham, J. D,; Hart, C; Cook, D.; Stegelmeier, B. L. Relationship
between the endophyte Embellisia spp. and the toxic alkaloid swainsonine in
major locoweed species (Astragalus and Oxytropis). . Chem. Ecol. 2008, 34,
32-38.

(12) Cook, D.; Gardner, D. R;; Welch, K. D.; Roper, J. M.; Ralphs,
M. H; Green, B. T. Quantitative PCR method to measure the fungal
endophyte in locoweeds. J. Agric. Food Chem. 2009, 57, 6050-6054.

(13) Oldrup, E.; McClain-Romero, J.; Padilla, A.; Moya, A.; Gardner,
D. R;; Creamer, R. Localization of endophytic Undifilum fungi in loco-
weed seed and influence of environmental parameters on a locoweed in
vitro culture system. Botany 2010, 88, 512-521.

(14) Gardner, D. R; Molyneux, R. J.; Ralphs, M. H. Analysis of
swainsonine: extraction methods, detection, and measurement in popu-
lations of locoweeds (Oxytropis spp.). J. Agric. Food Chem. 2001, 49,
4573-4580.

1286 dx.doi.org/10.1021/jf103551t |J. Agric. Food Chem. 2011, 59, 1281-1287



Journal of Agricultural and Food Chemistry

(15) Cook, D.; Gardner, D. R; Ralphs, M. H.; Pfister, J. A.; Welch,
K.D.; Green, B. T. Swainsonine concentrations and endophyte amounts
of Undifilum oxytropis in different plant parts of Oxytropis sericea. J. Chem.
Ecol. 2009, 35, 1272-1278.

(16) Isley, D. Native and Naturalized Leguminosae (Fabaceae) of the
United States (Exclusive of Alaska and Hawaii); Monte L. Bean Life
Science Museum: Provo, UT, 1998; pp I—xi; 1—1007.

(17) Gardner, D. R;; Cook, D. A comparison of alternative sample
preparation procedures for the analysis of swainsonine using LC-MS/
MS. Phytochem. Anal. 2010, DOI: 10.1002/pca 1257.

(18) Achata Bottger, J. A. Variation in Undifilum DNA and swainso-
nine content in locoweed. M.S. Thesis, New Mexico State University,
Las Cruces, NM, 2009.

(19) Lu, P. Factors related to swainsonine in three Oxytropis species
in Inner Mongolia. Ph.D. Thesis, Inner Mongolia Agricultural Univer-
sity, Huhehaote, Inner Mongolia, 2006.

(20) Dreyer, D.L.;Jones, K. C.; Molyneux, R. J. Feeding deterrencey
of some pyrrolizidine, indolizidine, and quinolizidine alkaloids towards
pea aphid (Acyrthosiphon pisum) and evidence for phloem transport of
indolizidine alkaloid swainsonine. J. Chem. Ecol. 1985, 11, 1045-1051.

(21) Kuldau, G.; Bacon, C. Clavicipitaceous endophytes: their ability
to enhance resistance of grasses to multiple stresses. Biol. Control 2008,
46, S7-71.

(22) Keogh, R. G; Tapper, B. A; Fletcher, R. H. Distribution
of a fungal endophyte Acremonium lolii, and of the alkaloids lolitrem B
and peramine, within perennial ryegrass. N.Z. J. Agric. Res. 1996, 39,
121-127.

(23) Young, C. A;; Bryant, M. K,; Christensen, M. J.; Tapper, B. A,;
Bryan, G. T.; Scott, B. Molecular cloning and genetic analysis of a
symbiosis-expressed gene cluster for lolitrem biosynthesis from a
mutualistic endophyte of perennial ryegrass. Mol. Gen. Genomics 2008,
274, 13-29.

(24) Sullivan, T. J.; Faeth, S. H. Gene flow in the endophyte
Neotyphodium and implications for coevolution with Festuca arizonica.
Mol. Ecol. 2004, 13, 649-656.

(25) Cheplick, G. P.; Faeth, S. H. Ecology and Evolution of the
Grass—Endophyte Symbiosis; Oxford University Press: New York,
2009; pp 3—17.

(26) Rudgers, J. A; Clay, K. Endophyte symbiosis with tall fescue:
how strong are the impacts on communities and ecosystems?. Fungal
Biol. Rev. 2007, 21, 107-124.

(27) Molyneux, R. J; James, L. F.; Ralphs, M. H.; Pfister, J. A;
Panter, K. E.; Nash, R. J. Polyhydroxylated Glycosidase Inhibitors from
Poisonous Plants of Global Distribution: Analysis and Identification; Colegate,
S. M, Dorling, P. R,, Eds.; Plant-associated Toxins, Agricultural and
Phytochemical Aspects; CABI: Wallingford, U.K.. 2004; pp 107—112.

(28) Stegelmeier, B. L.; James, L. F.; Panter, K. E.; Gardner, D. R;;
Ralphs, M. H.,; Molyneux, R. J. Dose response of sheep poisoned with
locoweed (Oxytropis sericea). . Vet. Diagn. Invest. 1999, 11, 446-454.

(29) Afkhami, M. E.; Rudgers, J. A. Symbiosis lost: imperfect vertical
transmission of fungal endophytes in grasses. Am. Nat. 2008, 172, 405
416.

(30) Roylance,]. T.; Hill, N. S.; Agee, C. S. Ergovaline and peramine
production in endophyte-infected tall fescue: independent regulation
and effects of plant and endophyte genotype. J. Chem. Ecol. 1994, 20,
2171-2183

1287

dx.doi.org/10.1021/jf103551t |J. Agric. Food Chem. 2011, 59, 1281-1287



