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ABSTRACT 

K L M RI E DOW EY. Populati on Genetics of tl1e 
Endangered Wetl and Endemi c, Xyris 

tenn<!SS<!<!nsis Kral (Xyridaceae) (under the direction of DR. CAROL BASKAUF). 

Genetic variation is required by species for long-term adaptt·ve e I t· d I f · b·1· vo u ton , an oss o vana t tty 

can cause inbreeding depression and impair growth and disease resistance in the short-term. 

Information about the di stribution and levels of genetic diversity in rare species is important for 

prioritizing the protection of populations so as to represent the bulk of the species' diversity. 

Xyris tennesseensis is a federally endangered obligate wetland plant found in critically imperiled 

seep and riparian habitats , with a highly disjunct distribution across IO counties in Tennessee, 

Alabama, and Georgia. The genetic diversity of this species was examined using 14 nuclear 

microsatellite markers that were polymorphic for the species. Five Tennessee, four Alabama, and 

fi ve Georgia populations were sampled. Results showed limited variability, with a population 

mean of only 16% polymorphic loci. Observed heterozygosity in all populations was 

unexpectedly low, ranging from 0.000 to 0.095, with an average of0.017. This resulted in a 

relatively high Frs of 0.71 , suggesting that X tennesseensis experiences high levels of inbreeding. 

Two Alabama populations contain the majority of within-population diversity seen in X 

tennesseensis, whereas most others (including all in Tennessee and all but one in Georgia) 

appear to be genetically depauperate. Anal ysis of molecular variance estimated that 

differentiation among the regions (states) accounted for the majority (60%) of the genetic 

vari ati on in thi s speci es, with an additional 31 % due to genetic differences among the 

I · d I 9 0 1 d to vari ability within populations. These data indicate popu allons of each state an on y 1 0 ue 

· di versity and there is very little, if any, gene fl ow X. tennessees is possesses low levels of genetic 



among the populations. To preserve what remains of the genetic variation of this species, it is 

e sential that multiple populations be protected, with priority given to the largest and most 

diverse populations in each region . 
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CHAPTER I 

Introduction 

Understanding the levels and distribution of genetic div ·t f d d · ers1 yo en angere species can be 

integra l to the success of conservati on biology goals - goals such as the preservation and 

management of rare species, including their reintroduction into appropriate habitat (Frankham 

1995). Genetic diversity provides the building blocks for species to adapt to ever changing 

environments (Soule 1980, Simberloff 1988, Hamrick and Godt 1989, Barrett and Kohn 1991 , 

Huenneke 1991 ). With high levels of genetic variability comes a higher probability of potentially 

benefici al alleles, which could increase the populati on's or species' chances of survival in the 

long-term (Hamrick and Godt 1989, Barrett and Kohn 199 1, Huenneke 199 1 ). Even fro m a 

sho11-term perspecti ve, the loss of genetic variation can have a negati ve impact on a species' 

growth rate, development, and response to di sease (Beardmore 1983 , Huennke 199 1, Ellstrand 

and Elam 1993, Reed and Frankham 2003). Studying the various aspects of genetic di versity can 

provide insight that might allow one to predict how a species may change over time (Weir 1990) 

or determine how a population of an endangered species might be managed to ass ist in its 

conservation (Frankham 1995) . For example, populations that have drasti ca ll y decreased in size 

and are thus experiencing high rates of inbreeding mi ght be expected to decline due to the 

harmful effects of inbreeding depress ion. Therefore, genetic materia l fro m a population 

possess ing di ffe rent or more alleles mi ght be used to augment the inbred populati on in an 

• · d. . ·t ·1able 1·11 the populati on. attempt to 111crease the genetic 1ve1s1 y ava t 



\rris 1e1111es.w•e11sis 

Dcscript io 11 

X_l'l'iS 1e1111esseensis Kra l (Xyridaceae), Tennessee yellow-eyed grass, is a rare perenni al 

111011ocot endemic to the southeastern United States (Kral 1978, U.S . Fish and Wildlife Service 

1994, Boyd and Moffett 20 I 0). Plants typically occur in a clumping formation (Fig. I). Mature 

leaves exhibit the twisted shape prevalent in the Xyridaceae family (Fig. I), and can range from 

I 4 to 45 cm in height (Kral 1978, U.S. Fish and Wildlife Service 1991). The leaves originate 

from a rounded base, which often displays a pink or purple tint (Kral 1978). 

. 1 ( hoto courtesy of Carol Baskauf). Figure I. Photo of Xyris tennesseensts eaves P 



/,i{c !lisfo!T 

Xrr i. re1111esseensis most often flowers from August to September (Kral 1978), though 

fl owering has been seen to occur as early as July (Boyd et al.2011 ). The inflorescence (Fig. 2) is 

a small brown cone-like structure ranging from l to l.5 cm in length found at the tips of narrow 

brown stalks ranging from 30 to 70 cm tall (U.S. Fish and Wildlife Service 1991). One or two 

pale to bright yellow flowers emerge from the bracts at mid to late-morning and wilt by mid­

afternoon (U .S. Fish and Wildlife Service 1991 , Wall et al. 2002). Fruits are dehiscent capsules 

hidden within the bracts with many seeds that are released at the end of the flowering season 

when the cone bracts open (Kral 1978, Wall et al. 2002, Boyd et al. 2011 ). Vegetative growth is 

accomplished by axillary bud fonnation at the leaf base, contributing the clumping an-angement 

of rarnets (Kral 1990). 

( hoto Courtesy of Shawn Settle). . . · · cence Figure 2. Photo of Xyns tennesseens1s mflores P 



.fr ris re1111essee11s is . 111 uch Ii ke the rest Or the 25 x , ·. · t· · · 
. y, is spec ies ound 111 North Ameri ca north 

or the Mexico border, thri ves in seeps and along the edges of st d "' 11 1
. h reams un er ,u sun to 1g t 

shade. Thi ra re spec ies differs from other Xyrids in that it requires the more basic pH levels 

fo und in ca lcareous so il s associated with shale, limestone, and dolomite bedrock rather than the 
' 

commonl y preferred acidic soil s of bogs (Kral 1979, Kral 2000). The initial survey of the species 

by Kra l ( 1978) documented seven extant sites occurring over the Western Highland Rim of 

Tennessee, the Cumberland Plateau of Alabama, and the Valley and Ridge Province of Georgia. 

All but two of these sites (one in Franklin County Alabama, and one in Natchez Trace State Park 

in Tennessee) were entirely on privately owned and, thus, unprotected land. Xyris tennesseensis 

was placed under the protection of the Endangered Species Act due to the natural and man-made 

threats resulting from the unusually specific habitat requirements (U.S. Fish and Wildlife Service 

1991 ). The current range of the species remains in the three regions identified by Kral ( l 978), 

with populations now known from one county in Tennessee, five in Alabama, and five in 

Georgia (Fig. 3). A total of 22 extant populations are known from these three states (Boyd and 

Moffett 20 I 0). 

The wetland habitat of X tennesseensis is also severely threatened. A U.S . Fi sh and Wildlife 

S · · f · ] d U ·t d States wetlands from the 1950s through erv1ce aerial photography survey o mam an 111 e 

the 1970s determined that approximately 50% of those wetlands fell within the southeastern 

states (Hefn er and Brown 1984, Opheim 1997). The survey revealed a large loss of national 

(H fi . d B ·own 1984) In Tennessee, X wetlands, 84% occurring in the southeast e nei an 1 
• 

. . . e Fens which are considered criticall y 
lennesseensis is located m Highl and Rim Seepag ' 



Tennessee 

. . Alabama 
IS St p 

Georgia 

TN-A: Auntney Hollow 
TN-D : Dry Branch 
TN-G: Little Grinder's 
TN-L: Langford Branch 
TN-T: Twin Falls 
AL-E: Ebenezer Swamp 
AL-S: Little Schultz Creek 
AL-W: Willett Springs 
AL-Y: Lloyd Chapel 
GA-CC: Clear Creek 
GA-C: Culbertson Creek 
GA-H: Interstate Hypericum 
GA-:M: Mosteller Mills 
GA-P: Pine Lo~ WJ.\>IA 

Figure 3. Sampling si tes of Xyris tennesseensis are indicated by the dots. Counties where the species occurs in Tennessee, Alabama. 
and Georgia are shown in green. 



iinpcrikd and known onl y l'rom roughl y ten loc f · h . 
a ions in t ree counties (N atureServe 2013 ). 

Both Alabama and Georgia possess a correspondi h b·t c- d • 
ng a I at re1erre to as Southern Ridge 

and Valley Seepage Fen. The number of locations with suitable X tennesseensis habitat in 

Alabama and Georgia is currentl y unknown. 

While conservation efforts are now being made to preserve wetland habitats, driven by 

the implementation of the "No Net Loss" program in the earl y 1990s (Heimlich et al. 1997, 

Morgan and Roberts 2003), it has been argued that the current definition of "wetlands" is too 

narrow. Because of thi s, new policies may still result in mass losses of biodi versity in these 

frag ile ecosystems that are not yet full y understood (Kentula 1996, Opheim 1997, Heimlich 

et al. 1997, Whigham 1999, Morgan and Roberts 2003). To achieve the goal of conserving 

wetland habitat, private, state, and government organizations must have a thorough 

understanding of the type of wetland in question. In order to successfull y recreate or restore 

these habitats, a record of the inhabiting species and knowledge of the ecology and the 

genetics of these species - especiall y those with endangered or threatened status - is vital 

if the existing biodi versity is to be maintained. 

There is some evidence that the genetic di versity within one species can also affect the 

producti vity, growth, and inter-spec ifi c interactions within communities, as well as affecting 

· I I f d. ·s ·ty in one plant species can cause the ecosystem-leve l processes . For 111stance, eve so 1ve1 1 

· 1 · t fluctuate in numbers which can in turn affect nutrient populations of another p ant species o ' 

. . . . 1 2008) Booth and Grime (2003) showed that ava il abil1ty 111 an ecosystem (Hughes et a · · 

. . . . . . ic di versity within each spec ies maintained multi-spec ies commun1t1es with h1 ghe1 genet 

. h those communit ies hosting the same species 
hi gher overa ll species di versity over tJ1ne t an 

. . . . St dies such as these suggest that the level of 
composition with lower genetic d1 ve1sity. u 



divers ity seen in one species can be of u d . 
nexpecte significance and should be considered 

when attempting to pre erve the overall biod · · f 
iversity O threatened ecosystems. Thus, 

information gathered from a population genetics t d fX . . . 
s u Yo . tennesseensts could aid 111 the 

goal of not only conserving the species but the O II h b' , vera a Itat as wel I. 

Breeding Ecology 

Boyd et al. (2011) observed the breeding ecology of an Alabama X tennesseensis 

population. Although there is anecdotal evidence that many )(_vris species may produce seeds 

apomictically (Kral 1983), Boyd et al. (2011) determined that X tennesseensis could produce 

viable seeds from both se lf-fe11ilization and cross-pollination. This mixed breeding system 

may result in higher level s of genetic variation in populations that are ab le to participate in 

outcrossing (Ban-ett and Kohn 1991 ), while small er population that could be more 

dependent on frequent inbreeding, including selfing, may exhib it lower levels of 

heterozygosity within the population . In the Boyd et al.(201 1) stud y, five group were 

compared: se lf-pollinated (stamen removed with tweezers and brushed agai n t stigma); not 

pollinated (flowers were bagged to block insect pollination and no hand-pollination 

occutTed); outcrossed once (no insect ac ti vi ty permitted, but tl o,,·ers were outcrossed by 

hand) ; outcrossed twice (outcrossed hand-pollinat ion performed t\\'ice); and open pollinated 

d II . · curred) Seed oerm inat ion rates were (flowers were not bagged and no han -po 111at1 on oc · = 

compared for all treatments, and one finding was that seeds resulting from any type of se lfing 

. ,. If 11 . ted" treatment or natura l se lfing from the "not 
(manipulated selfing from the se -po ma 

mani ul ated outcross ing ( outcrossed once 
pollinated" treatment) germinated better than any P 



or twice). Comparisons of se lfing treatments with" 
11

. ,, . . 
open po mated seeds were mcons1stent 

(aermination rate of seeds produced by 11 · · . . 
o open po mat1on were significantly lower than rates 

from the manipulated selfing treatment but not from th t I lfi 
e na ura se mg treatment). Boyd et 

al. (2011) proposed no explanation for the increased gennination of seeds from selfing. 

Frequent gene flow among all the X tennesseensis populations via pollen is likely limited 

by the small body size (approximately 0.5 cm) of Lasioglossum zephyrum Smith, the primary 

X tennesseensis pollinator, observed by both Boyd et al.(2011) and Wall et al. (2002). Other 

observed pollinators that performed pollen-collecting behaviors were of a similarly small size 

(Boyd et al. 2011 ). Whether or not gene flow by means of pollinators can occur between 

some populations within Tennessee, Georgia, and Alabama is unknown, but there is virtually 

no chance that gene flow will occur from one state to the next with such small pollinators. In 

a study involving 16 bee species, Gathmann and Tscharntke (2002) found a positive 

correlation between body size and travel distance as well as trip duration. Foraging locations 

were limited by the location of the nesting site, and in several species, 90% of the bees were 

unable to find their way back to the nest when displaced more than 510 m. 

Gene flow could also occur through seed dispersal between populations connected by 

· · · I · d t a 11 fi1·om one population to the next waterways, with genetic matena movmg owns re 1 

(Baskin and Baskin 2003 ). Al I of the Tennessee populations are found on separate streams 

k · h th exception of Dry Branch, which drains that eventually drain into Big Swan Cree , wit e 

X sis populations found on Big Swan into Cane Creek. However, as there are no • tennesseen 

. . ct · t. that the Tennessee populations share genetic 
Creek or Cane Creek, there ts no 111 1ca ton 

. fr Alabama and Georgia included in this 
material in this way. None of the populations I om 

f ther population. stud y are located downstream o ano 



Because X tennesseens is seeds are very tiny, di spersal by wind could be possible, 

perhaps blowing seeds into the nearby stream. It is unlikely, though, that the seeds would 

travel fa r enough on wind alone fo r this method to play an important role in gene fl ow, 

especiall y since most populations are surrounded by fo re t and/or thick vegetation. The 

seeds have no special adaptation fo r ani mal di per al. There are no report of herb ivores 

active ly target ing X tennesseensis for con umpti n. omc population are fo und in grazing 

pastures, but the cattle found there are not free-range and arc therefore unlikely to tran port 

seeds among populati on . While a wild animal could ca ii bru. h agai n. t a . ccd cone. the 

seed ol' X te1111esseensis do not ha\'c clinging me hani ~ms to atta·h to fur for long period of 

time. 

£11c/011gered Species w111.,· 

With most populations c:\hihiting chroni ·all~ lo" numbers or indi\ idual: (Ll ... Fish and 

· · ] · h · ·k r · 1hr ·edinl.!. and for allele loss 
Wild lik . cn·icc 199-l) . .\'. te1111esseem1s 1s at a 11g n or 11 

L -

. . . d Kohn I 991) n,rce of the mo. I common\ 
resulting fro m random genetic dnlt (Barrett an · 

. . . b ·rs in 11npulatinns of rare species arc the 
used tcc h111 qucs to combat d" 1nd \111g num · 

. . . . . _· . , . . . , of strtll.!.tding I npulations using their 0\\11 
protcc t1 on ol high pnonty sites. th t: holStLrtllg --

. _11} J ()\,)nratlea,tthn. cnf . imilar 
• d 1-1-. .· (, , "lollett nnu J O \ - • grccnhousc-ra1sc o sp1111g L-!:-· 1 · 

I 
. . L1 ·1·111• 0ffs11rill!! fnim one or more c:-.tanl - 1- ' \\ 110pu auons s - · -ecotypes. and the crcauon o llt: -

_ . 
1
.1111 tint ·onsen ationists consider 

populations (Ph ilippart \ 995. Robert 2009) . It is ,mpnr, , . -
. . 0. . ·it\ oc ·urrin!! in a populauon or 

. . . - . . . , s The more genellL ,, Lfs . -
geneti c inl ormauon 111 suLh ,lltt:lllPL · 
- . _ h, ·licial ·ilkk . for natural election 

I , . , "ill he ol ha , ,ng t:11L ' 
spec ies. the greater the chance t lllL 



(Weir 1990, Barrett and Kohn 1991 ), so it could be advantageous to utili ze indi viduals from 

more diverse populations in creating new populatio • . . 
ns or augmenting existing ones. On the 

other hand, a manager may want to avoid combining indi·v·d I f· 
1 

· h 
1 ua s 10111 popu at1ons t at are 

genetically very different from each other, in case the genetic differences detected correlate 

with local adaptation to each population 's respective habitat. 

Following recommendations in the official U.S. Fish and Wildlife Service recovery plan 

( 1994) for X tennesseensis, studies have been conducted to investigate seed propagation and 

germination (Baskin and Baskin 2003), root micropropagation and seed cryopreservation 

(Johnson et al. 2012), general floral ecology (Boyd et al. 20 11 ), and shrub-growth reduction 

at several known sites (Moffett and Boyd 2013). The plan also recommends genetic research 

for thi s species, but as of yet no work has been published to address thi s aspect. 

Understanding the population genetics of an endangered species is an integral part of 

protecting the spec ies (Fukunaga et al. 2005 , Sega1Ta-M oragues et al. 2005, Pettengill and 

Need 2011, Oleas et al. 2012). Because a population genet ics study can reveal the magnitude 

and distribution of a spec ies' genetic variation, these data were origina ll y reque ted in X. 

· , ~- 1 ··t ··a fo r rankin o sites in order of protection tennesseens1s recovery plan as part 0 1 t 1e c1 1 e1 1 o 

priority, the intent being that populations with higher levels of genet ic di vers ity or those 

· · . · a d/or more strin oent protection policies presenting unique alleles receive closer 111 on1to11 11 0 an ° 

(U.S. Fish and Wildlife Service 1994). It wo uld be usefu l to quant ify the amount of genetic 

. . . . I . f X te1111essee11sis to determine whether or not X 
variation w1th111 and among popu at1ons O · 

. . bTt typ ical for populations of a rare species 
tennesseensis exhibits the reduced genetic vana 1 1 y 

91 Gitzendanner and Solti s 2000, Cole 2003, 
(Hamrick and Godt 1989, Barret and Kohn 19 ' 

f 
O 

t'c dritt and outcross ing vs. inbreeding. 
Nybom 2004) and to evaluate the prevalence O 0 ene 1 



Although a preliminary study using isoz 
ymes was conducted recently (N . Willi s, unpubl. 

data), onl y eight isozymes were resolved a d 1 . 11 a moSt no geneti c variability was detected (no 

within-populati on and very little amono-populat' · b·i · 
0 1011 vana 1 tty). Clearl y, fo r thi s species a 

more vari abl e, higher reso lution geneti c marke Id b 
r wou e u eful. Thus, the cu1Tent study 

utili zes microsatellites as geneti c markers to carr t 1 · . 
You a popu at1 on geneti c tudy, as 

recommended in the recovery plan for X. tennesseensis ( . . Fi h and ildl ife er ice 

1994). 

Forces Affecting Genetic Variation 

The leve l and di tri bu tion or geneti c diver it in a . peci ' . can he impactrd h_ many 

evoluti onary rorces, such a mutati on, gene no\\', natural sclc ·tion. random genetic drift. and 

nonrandom mating (Wright 197 , 8 arrc11 and Kohn 1991. l lanl and Clark _00 ). Mutati on 

int roduce brand nc\\' allele into a grnomc and can accumulate to ha,-c prominent effect on 

the pecies over time. Gene llo\\' spread. alleles from on' poi ulation 10 another. lccrea. ing 

grnr lic dilTcrcnti ation among populations hut increasing, ariation ,, ithin populations. For 

plants, gene ll o\\' takes pl ace by pollen or seed di spcr:al. 1 atural :election ra, ors cenain 

phenotypes o l' ind i\'iduals that arc therefore able 10 sun i, e long ·nough to produce offspri ng. 

Random genetic dri Ii is the alte ra tion or all ·le fre 1uencie:-. du· 10 pure chance. :uch as can 

· · k , • d · 1·111· - d ·cre·1se in 11opula1ion :-.i1e due to a occur because ol a genet ic bottlencc · (L .g. a 1an, L ' -

- · - d , 1 ·· 1do111 "·n ·tic drin can inc lude the natura l di saster). Changes in all ele lrcquenc1es UL O 1•11 :;-L 

I . . d I - ti loss or oenetic, ariahili1,·. o so l alleles in a populat1on. an 11us 1e -- = , 



, orm: or these fo rces can exert stronger pre . . 
ssui es on rare species than widespread ones, 

especiall y when the species consists of small 
1 

· 
popu at1 ons (Barrett and Kohn 199 1, El I strand 

and Elam 1993). Random genetic dri ft plays an incre · 1 · . 
asmg y important role as populations get 

smaller, and th us small populations are vulnerable to loss of alleles. Lande ( 1988) defines 

effecti ve population size as "the number of individuals in an ideal population that would give 

the same rate of random genetic drift as in the actual population", and the "effective" 

population sizes for rare species will be even smaller than the physical population sizes. In 

such instances, the effects of genetic drift can outweigh the effects of natural se lection and 

act as the predominant factor determining population genetic structure (Ban-ett and Kohn 

199 1, Kimura and Crow 1964, Hedrick and Hurt 20 12). Gene fl ow can be more limited 

among populations of rare species, particularl y if the species has experienced a recent 

reduction in the number and/or sizes of its populations (Kimura and Crow 1964). Along with 

this decreased gene flow, the occUtTence of inbreeding may also be more prevalent in small 

populations as there are fewer individuals with which to cross-pollinate, and those in the 

sun-ounding vicinity may be closely related (Mustajarvi et al. 200 I). 

The breeding system of a spec ies plays an im portant ro le in the levels and di stribution of 

geneti c vari ability within a species (Beardmore 1983, Brown 1990, Karron 199 I). 

· · d t~ ·· 1a fro m the aametes of two separate Predominantl y outcross111g species pro uce o 1sp111 o o 

· · · I \ f \ t ·ozyaos i ty In breed in ° decreases mdi viduals and typicall y display higher eve so ie ei o · 0 

. fi-'. · 0 , ay be more vulnerable to the harm ful heterozygosity in a population and the o ispnno 11 

. . d ress ion (Hartl 198 1, Barrett and Kohn 199 1, 
reproductive and fitness effects of 111breed111g ep 

. of aametes from one individual, is the 
Gathmann and Tschamtke 2002). Selfi ng, the umon ° 

The ability to se lf can be benefi cia l in the event of low 
most extreme fo rm of inbreeding. 



po lli nator visita ti on, however. Alternati ve! . 
Y, some species can carry out vegetati ve 

reproduction, allowing the propagati on of the 1 • . 
popu ation without po llination and the 

energetic expense of gametes. Plants produced ti · . . . . 11s way aie geneti ca ll y 1dent1 cal to the 

parent, resulting in populati ons that may be unable t · h · . 
o survive t e 111troduct1on of a pathogen 

because they are geneti ca ll y homogenous (Beardmore 198, Ell t d d El 
199

,,) -' , s an an am _, or to 

adapt in the event of environmenta l change over time (Beard 198, B d K I more -' , arrett an o 111 

199 1 ). 

Determining Genetic Variation 

There are a number of ways to evaluate leve l or genetic ra ri ati on uch a estimating the 

num ber of all eles per loc us, the percentage of polymorphic loc i, ob cn -cd and expected 

heterozygosity leve ls, and Wri ght' F- tati stic . ei' un bia ed genetic identity (o r genetic 

di lance) indicates geneti c imil ari ty (or di ssi mil arit y) between pair or populati ons, whi le 

vari ous sort ing or clustering method can indicate genetic sim ilarity among mult iple 

populati ons. 

Percentage of po~rn,orphic loci and allele per locus 

The percent of po lymorphic loci (P) can be ca lcul ated as the proportion or all ampled 

. , . 
1 

, Altcrnatin~ly. sometimes the percent of 
loc i that possess more than one allele pei ocus. 

. . . or sam led loc i \\ here the frequenc y of the 
polymorphic loc i is reported as the p1 opottion ' P 



111 0 t comm on all ele does not exceed a certain arbitra 1 1 ( · h . ry eve e1t er 95% or 99%), rn order to 

de-emphas ize rare alleles (Haiti and Clark 2007). 

For a study involving multipl e populations, calculations can be carried out at the 

population level and at the spec ies level. For example, the proportion of polymorphic loci can 

be determined for each population and an average across all populations calculated. The data 

for all populations can also be combined and percent polymorphic loci calculated across the 

entire species (Hartl 1981 ). Similarly, the mean number of alleles per locus can be 

determined for each population and then these va lues can be averaged across populations, for 

a "population level" analysis. One can also add up how many different alleles are fo und for 

all loci throughout all populations of a species and divide that total by the number of loci to 

get a "species-level" analys is. 

Observed and expected heterozygosity 

Observed heterozygos ity (Ho) is the proportion of heterozygotes fo und at each locus. 

· · f I t zyaotes that would be expected if the 
Expected heterozygosity (He) 1s the propo111on o 1e ero b 

. Tb .· " cond itions Matin g must be random for a 
population were in "Hardy-We111berg equ1 1 11 um · ~ 

. Tb· · and the population must not be 
population to be in Hardy-We111berg equi I IIUm , 

. . . . . election, random genetic drift or gene fl ow from 
expenencma oenet1c mutati ons, natu1 al s 

bb 

. d. . population is able to maintain 
d ·1ibnum con 1t1ons a other populations. Thus, un er equi 

. . cross multiple generati ons. 
constant allele and genotype trequencies a 

d II I S 
frequencies to calculate the expected 

· observe a e e 
The Hardy-Weinberg equation uses . 

·1·b .· m conditions. Although it is unlikely 
I . n under equ1 i I iu 

genotype frequenci es for a popu atio 



that a natura l popul ati on will be in perfect "equilibrium" co d·t· 1 H d W · b n I ions, t 1e ar y- ein erg 

eq uat ion est imates can still be used as a baseline fo r co · A d f fi , mpanson purposes. goo ness-o - 1t 

test is used to determine if the observed genotype frequencies of a population fit with those 

expected by Hardy-Weinberg. If the data do not fit Hardy-Weinberg expectations, then one 

or more Hardy-Weinberg equilibrium assumptions are not met - i.e. one or more 

evolutionary forces must be affecting allele frequencies at that locus. It should be noted that 

technical problems such null alleles, miss ing data, and inco1Tectly interpreted stutter peaks 

are all arti fac ts that could also give the impress ion that Hardy-Weinberg expectations are not 

being met. This can also result from sampling e1Tors, such as mi stakenly combining two 

populations with an unrecognized barrier to gene fl ow into one population, referred to as the 

Wahlund effect. 

Wright 's F-statis tics 

Wright 's F-stati stics can prov ide in fo rmation about the distri bution of genet ic variability 

. . , F t" t" s (e O Fis Fsr) are calculated for 
within and among populati ons. Wright s -sta is ic ·o· · · · 

. . . d heterozyoosi ty value to Hardy-Weinberg 
polymorphic loci to compare the obset ve 0 

. . W . oht 1978 Hart l and Clark 2007). Fis. often 
expectations at di fferent levels of analys is ( n::, ' 

. - . com ares the observed heterozygosity levels for 
refe1Ted to as the inbreedmg coefhcient, P 

. ·d -Weinbero expectat ions and ranges fro m -l to l. 
indi viduals within a popul ation to Hat Y 0 

- . of heterozygotes and may indicate a prevalence 
Values approaching I are due to a dettciency ~ . . 

d 
ffi t Neoat ive values would md1cate 

. . b d e to the Wahl un e ec . ::, 
of mbreedin o or may mstead e u 

b' . . . fuvorof hererozygores.A 
d to select ive pressu1 e tn 

an excess of heterozygotes, perhaps ue 



, aluc or O " ould indicate that the obsci·v d 1 . , c 1ctcrozygos t 1 - 1 Y mate 1cs the ex pectati ons of 

I lardy-Weinberg exactl y. , pcc ics that arc ob li _ . . . 
gate outciossers olten have Fis va lues 

fs r esti mates the proportion of the species ' ge t' d' • . ne 1c 1vers1ty that 1s due to populations 

differing from each other ("among-population" oenet' · b'I· ) F 
b 1c vana I tty . sT can range from 0 to I 

,,·hen using genetic markers with relatively few alleles per locLis If F I I h . ST va ues are ow, t e 

populations are genetically similar to each other, and the majority of the species ' genetic 

diversity is due to within-population variation (i.e. individuals from the same population 

differing genetically from one another) . Such genetic similarity among populations could be 

the result of significant gene flow occurring regularly among the populations, or a separation 

of the populations that only occurred fairly recently, and/or low levels of genetic drift 

following separation (Barrett and Kohn 1991, Gitzendanner and Soltis 2000). High Fsr 

values indicate greater levels of among-population genetic variation, where populations 

differ from each other in terms of allele frequencies (Wright 1978, Reed and Frank.ham 

2003). High population differentiation may indicate long-term isolation of the populations 

with little gene flow between them paired with the occurrence of genetic drift and/or the 

ex istence of varying selective pressures (Epperson 1989, Barrett and Kohn 1991 ). 

C 
· f F I amono loci and among species must be made with caution as 

ompansons o sT va ues b 

. • f F d'ffi ult The hioher the expected 
highl y variable loci can make interpretation o ST 

I ic · b 

. 'bl p .. will be As high levels of 
heterozygosity, the lower the maximum pos51 e s r · 

. ulations share the same alleles, this could 
heterozygos ity do not necessan ly mean that pop 

. . er different geneticall y (Meirmans and 
resu lt in a low Fsi fo r popul ations that are m fact v Y 

.. -~ b calculating F'sT (Meirmans 2006). 
ll cdrick 201 1 ). Thi s problem can be coii ected or Y 



,,·hicl1 is F-. 1 standardi zed by the maxi mum 
O 

.bl . 
p ss i c va lue fo r FsT based on the expected 

l, ctcro1.ygosity at each marker. Thus p · ... · . 
s I is 117 0 1 e comparable across loci and species of 

differing va riabi lity levels. However, Whitlock (20 11 ) . 
argues that Fsr 1s the better measure 

of the effects of population structure, and Mei rmans d H d · k ( .. 
an e nc 2011 ), pomtmg out that 

compari son with past studies is important state that b th · · 
, o stat1 st1cs need to be reported. G"sr, 

the unbiased est imator of F 'sr (Meirmans and Hedri·ck 2011) I b · , can a so e mcluded for the 

sake of comparison. 

Nei 's genetic distance and identity 

Nei 's unbiased genetic di stance and genetic identity (Nei 1978) can be used to dete1mine 

genetic differentiation or similarity of population pairs, respectively. These calculations 

include all loci , monomorphic and polymorphic. The more similar two populations are, the 

closer the genetic identity score is to I, whereas greater differentiation results in genetic 

identities closer to 0. If no alleles are shared between two populations, genetic identity is 0 

and the genetic distance score is infinity (Nei 1978). 

Methods to Collect Genetic Data 

d the aenetic diversity of a species. Protein 
Various genet ic markers can be use to assess o 

. . .c • d as "isozymes" or "allozymes" (Hamrick 
electrophores is typically utilizes enzymes reiene to 

d d for by different aene loci whereas 
and Godt 1989). Technically, isozymes are enzymes co e 

0 

d t different alleles at one locus, but both 
all ozymes are different form s of the enzyme ue 0 
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terms are often used synonymously in the literature. Variability in these enzymes indicates 

genetic vari ation in the populations. Since isozymes are codominant markers, heterozygote 

indi viduals can be detected (provided the allozymes are unequal in mass and/or charge), 

which is benefici al for population genetics studies. DNA-based methods, such as amplified 

fragment length polymorphisms (AFLPs) and microsatellites (short, tandem repeats of two to 

six nucleotides), are becoming more cost-effective and thus more popular in population 

genetics studi es. These markers often display higher rates of polymorphism than isozymes, as 

they can be developed from sect ions of D A that are not expressed and thus are more likely 

to be va ri ab le. This is particularly important when studying species with low levels of genetic 

vari ab ility, as is otien the case lor man y rare spec ies (Barret and Kohn 199 1, Ell strand and 

Elam 1993 , Gi tzendanner and So lti s 2000). Such genetic markers are considered to be 

se lec ti ve ly neutral, an important assumption for Hard y-Weinberg condition (Li u and Cordes 

2004) and can provide information on gene llo\\ . genetic drili , and breeding system. Of the 

three types or markers mentioned abm e, onl y mic rosa tellite loci are both codom inant and 

highl y ,·ariablc. ,,hich make them particul arl y use1·u1 lex population genetics studi es in 

general and lc1r rare species in particular. Though these arc considered to be neutral markers 

and thus may not pro,·idc an accurate representation or the adapti ,c ,·ariation in X 

rc1111cssec11.,'is. some studies ha, c noted correlations bet,, ccn estimates made using neutra l 

markers and adapti,c trait di, crsity (Recd and Frankham 200 I. Leinonen et al. 2008). 



19 

CHAPTER II 

Materials and Methods 

Population Sampling 

Geographica ll y di stant populations may be relatively different from each other 

genetica ll y, and geneti c di versity tends to be higher in larger populations. Thus, in an attempt 

to include as much of the species' genetic vari ability as poss ible, populations were sampled 

th roughout the entire species range (Table I, Fig. 3) and included most of the largest and 

"highest quality" (Moffett 2008) sites in all three states (a lthough we were unable to sample 

the Franklin County, AL population which is also one of the larger sites) . Some smaller sites 

were also sampled within each state. Roughl y 58% of extant sites were utili zed in the study. 

Five of the 6 populations in Tennessee were sampled, 4 of the 10 in Alabama, and 5 of the 6 

extant sites in Georgia. 

Leaf ti ssue co llections occuITed during the summer of20 13 and 20 14. When co ll ecting 

leaves, a portion of the ti ssue was pl aced in silica ge l packets immediately fo r rapid drying. 

The rest of the ti ssue was stored in Zipl oc® bags on ice in the fi eld, and then refri gerated at 

4° C in a laboratory setting until DNA was ex tracted. 

X1ris tennesseensis tends to grow in small clumps, and since the species can grow 

vegetat ive ly th ro ugh ax ill ary buds (Kral 1990), it is di ffic ult to estimate populati on sizes. 

Boyd and Moffett (20 I 0) recorded the number of fl owering spikes along transects as an 

ind icati on of X tennesseens is population sizes (Table I). It should be noted that the number 

or flowerin g sp ikes is on ly a rough esti mate of popul at ion size, as not all plants present in a 



pop ul ati on produce fl owering spikes and indi vidual plants can produce more than one 

fl owering spike. 

Table I. Number of-fl owering spikes per X. tennesseensis populations during a 2008-2009 
survey (Boyd and Moffett 20 I 0). 
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State County Pop ulation Name 
Popu lation Flowering Spikes 
Abbreviation 

Littl e Grinders Creek TN -G 2997 
Auntney Hollow TN-A 361 

Tennessee Lewis Twin Fall s TN-T 1500 
Langford Branch TN-L 159 
Dry Branch TN-D 1459 

Ca lhoun 
Lloyd Chapel Swale AL-Y 22 * 

Alabama 
Willett Springs AL-W 700 

Bibb Litt le Schultz Creek AL-S 8064 
Shelby Ebenezer Swamp AL- E 366 

Mostell er Mill Sprin gs GA-M 9793 
Interstate Hyperi cum GA-H 77 1 

Bartow Clear Creek Lake** GA-CC *** 
Georgia Clear Creek Spring* * GA-CC 1360 

Pine Log Springs (WMA) GA-P 127 

Floyd Co lbertson Spring GA-C 252 

* Many seed lings also present. 
**C lear Creek Lake and Clear Creek Spring are no\,· considered Clear Creek Spring 
Upstream and Downstream, respectively, and are treated as one population in th is study. 

*** Plants were not tl o\\'eri ng at ti me or census, estimated > I 0,000 ramets. 

During the current study's 20 13-20 I-+ leaf co llect ions, a clum p of ramets was treated as 

an '"indi vidual" for sampling purposes. Popul ati on sizes ranged from just a few sparse clumps 

to thousands of ra mets forming a dense carpet (i .e. for the ix Branch part of TN -G, and for 

GA-CC). As vegetati ve gro\\'th does not occur usi ng rhi zomes, sampl ed clumps were 

separated by at least 30 cm in an attempt to ensure that di st inct genets were co ll ected, often 
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leav ing several unsa rnpled clumps in between co ll ecti ons. Samples were co ll ected 

throughout a population, wi th a minimum of 30 clumps per population sampled from 

populations where there were at least that many clumps. Whereas some popu lations were 

densely packed on hill side seeps or riparian zones, others fol lowed along strearnbeds fo r 

several kilo meters, in which case both upstream and downstream sections of the stream were 

sampled. 

DNA Extraction 

DN A extract ions were performed fo ll owing the DNeasy plant mini kit protocols (Qiagen, 

Valencia, CA) with fresh ti ssue fo r two TN populations (TN -G and TN-L), and the E.Z.N.A. 

SP Plant DN A kit protocols (Omega Bio-tek, Inc., Norcross, GA) with dry ti ssue for the 

remaining 12 populations. Us ing a Retsch (Newton, PA) MM30 I bead mill , fresh leaf tissue 

was ground for fi ve minutes in a microcentrifuge tube with one tungsten-carbide bead, 

whereas dry ti ssue was ground for 2.5 minutes with two beads. DNA elutions were stored at -

80° C after concentrati ons and purity were determined using a NanoDrop-1000 

Spectrophotometer (Thermo Sc ienti fic , Wi lmington , DE) . DNA was extracted fro m 399 

plants (averaging 28.5 plants per population) and all these indi viduals were used in the 

microsatellite analys is. 
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Laboratory Methods 

To develop a microsatelli te library, a X rennesseensis leaf from the type-locality (TN-L) 

was submitted to Steve Bogdanowicz of the Cornell Uni versity (Ithaca, NY) Evolutionary 

Geneti c Core Facility (EGCF), where DNA fo r the creation of the genomic library enriched 

fo r microsatellites was ex tracted and the concentration was detennined using a Qubit 2.0 

flu orometer. The library was sequenced using an lllumina Mi Seq (lllumina, Inc., San Diego, 

CA) at the Sequencing and Genotyp ing Facility at the Cornell Li fe Sciences Core Laboratory 

Center. The EGC F scanned fo r dimeric th ro ugh hexameric repeats using Msatcommander 

1.0.3 (Fa ircloth , 2008). The DNA (50 -1 00ng) was digested using restri ction enzymes Alu!, 

Rsal, Hpv/6611. The di gests were then combined fo r adenylation with Kienow (exo-) and 

dA TP, after whi ch ATP to I mM was added and T4 DNA ligase was used to ligate an lllumina 

Y-adaptor. Resulting fragments were enriched by hybridi za ti on to 3 ' -bi otinylated probes and 

then co ll ected using magneti c beads wi th a strepta\' idin-coat. Amplification was perfo rmed 

using Pl atinum Taq polymerase and two lllumina primers (a uni versa l and an index). 

Success ful amplificati on \\'as \'e ri lied by agarose ge l electrophores is and PCR product 

concentrati on quanti li ed using the Qubit 2.0 flu orometer. Thi s procedure prov ided more than 

3000 poss ible microsa tel lite primer pa irs, from ,,·hi ch dimeri c to tetrameri c microsatellites 

ranging between 150 to 400 bp were se lected. 

Using D A fo rt\\ o plants from each of t\\(~ h·e pop ul at ions (a ll but TN-A and AL-Y) 

th ro ughout the spec ies' range, 50 primer pa irs fro m the microsatellite libra ry were surveyed 

to determine which markers could be amp li fied and reso lved, and whi ch of those that could 

be reso lved \\'ere vari ab le. Onl y those fou nd to be polymorphic were used in thi s study. The 

protocol !'or fl uo rescent labe ling of po lymerase cha in react ion (PC R) products generall y 
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1·01 lom:d Schuelke (2000) as modifi ed by Baskau r et al. (2014) who used an 18 bp M-13 tag 

(5 '-C AC GAC GTT GTA AAA CGA-3 ') . The M-13 tag was attached to the lluorophore as 

\\·ell as the 5' end of the forward primer. In addition, a 7-base pair short tag (5'-GTTTCTT-

3') was added to the 5' end of the reverse primer. The components of the l5~tL PCR solution 

were as follows: 1.5 µL tricine buffer (300 mM tricine, 500 mM KCI , 20 mM MgCb), 0.06 

~1L dNTPs (25 mM each), 0.04 µM M-13 tagged forward primer (0 .6 pmoles) , 0.2 µM short­

tagged reverse primer (3 pmoles), 0.2 µM M-13 tagged fluorophore, 0.03 units of Taq DNA 

polymerase (GoTaq Flexi DNA Polymerase, Promega, Madison , WI), and 1 µL DNA 

template (2-35 ng/~tL). PCR conditions were as described in Baskauf et al. (2014). 

PCR products were run on 1.2% agarose gels at 90V for 45 to 60 min to check for 

amplification. PCR products (i.e. amplified microsatellites) were placed in a I: IO or I: 15 

dilution with molecular biology grade USP sterile purified water (Mediatech, Inc ., Manassas, 

VA), depending on the heights of peaks from previous runs. One micro liter of this diluted 

microsatellite solution was added to a 10 µL mixture ofGeneScan LIZ-500 size standard 

(Applied Biosystems, Foster City, CA) and Hi-Di formamide (Applied Biosystems, Foster 

City, CA), which were mixed in a 0.25 : 9.25 rati o following the manufacturer 's protocol. 

The mi xture of PCR product and size standard was then heated to 95°C for fi ve minutes and 

shipped overnight on ice to Tom Cunningham at the University of Tennessee Hea lth Science 

Center (Memphis, TN) for autosequencing on an ABI 3 I 30XL DNA Analyzer (Applied 

Biosystems, Foster City, CA). Fragments were viewed using GeneMarker v 1.97 

(SoftGenetics, LLC, State College, PA, 20 I 0) to identi fy alleles, which were verified by two 

people. 
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Population Analyses 

Unl ess otherwise indicated, GenAI Ex v6.502 (Peakall and Smouse 2012) was used fo r 

ca lcul ating population genetics stati stics, including the percentage of polymorphic loci , levels 

ofobserved and expected heterozygosity, and Nei 's ( 1978) genetic identities and genetic 

di stances between populations. GENEPOP v4.5 . I (Rousset 2008) was used to carry out a chi­

squared goodness-of-fit test to determine the significance of any deviations of genotype 

frequencies from Hardy-Weinberg expectations under equilibrium conditions, and linkage 

di sequilibrium were calcul ated, using I 0000 Markov Chain Monte Carlo permutations to test 

fo r significance, to identify any non-random assoc iations between alleles from different loci. 

To adjust fo r multiple compari sons, the signifi cance tests fo r linkage di sequilibrium and 

Hard y-Weinberg were both corrected using a sequenti al Bonferroni method. Geneti c 

structure was investigated using analys is of molec ular vari ance (A MOV A) in GenAlEx, with 

the codominant all eli c di stance matrix input opti on, and the all eli c di stance matrix option was 

used in estimating Wright's F-stati sti cs (We ir and Cockerham 1984) to determine the 

di stribution of geneti c vari ability within and among popul ations and regions (s tates, here). 

The standardi zed F ·w (Meirmans 2006) and pa irwise Fw compari sons between populations 

were also estimated from the AMOV A. The estimator C "sr was ca lculated in the C-statistics 

opti on fo r codominant loc i. Signifi cance in A MOVA and C "sr were determined using 9999 

Markov Chain Monte Carlo permutations. Us ing the non-standardi zed di stance matrix input 

opti on, principal coordinate analys is generated a graphica l representation of the genetic 

di stance matri x deri ved from the data set. 

In order to establi sh the number of geneti c pop ul ations fo und in X tennesseensis the 

Bayes ian clustering software package STR UCTU RE v2.3.4 (Pritchard et al. 2000) was 
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empl oyed . l3 y comp.:ir ing their multi locus genotypes, individuals are assi gned to K 

popul.:ition genetic clusters without prior information about population membership being 

utili zed for the ana lys is. Using the default parameter settings, 20 iterations per K va lue were 

carri ed out, examining K= l-16 clusters with a burn-in period of200,000 and 1,000,000 

Markov chain Monte Carlo repetitions. The DeltaK method (Evanno et al. 2005) was used to 

identify the most appropriate number of genetic clusters for the data, using STRUCTURE 

HARVESTER (Earl and von Holdt 20 12) to graph likelihood values and DeltaK. Probab ilities 

were averaged across 20 runs at the best modal K using CLUM PP (Jakobsson and Rosenberg 

2007) and a graphical interpretation of the results was generated with STRUCTURE PLOT 

(Ramasamy et al. 2014). 



C HAPTER 111 

Results 

T"cnty-cight microsatellite loc i were resolved, 14 (5 0%) of whi ch were fo und to be 

pol ymorph ic for the spec ies. The average number of all eles per polymorphi c locu was 3.4 at 

the spec ies leve l. Microsatellite descriptions, including primer sequences, repeat moti fs and 

range of all ele sizes are detailed in Table 2, and population level allele frequencies fo r all loc i 

are shown in Appendix 2. 

Four loci pairs from among three populations (one pair of loci in GA-CC, one in AL-E, 

and two in AL-W) displ ayed significant linkage di sequilibrium, after a sequenti al Bonferroni 

correction fo r multiple testing. As each of the four significant results involved di ffe rent pairs 

of loc i, these results do not indicate any consistent nonrandom associations among loci for 

thi s spec ies. Chi-squared goodness-of-fit tests revealed that the genotype frequencies of the 

majority of polymorphic loc i did not meet the expectations of Hardy-Weinberg equilibrium 

(P<0.005): 89% (8/9) in AL-E, 67% (6/9) in AL-W, 50% ( 1/2) in AL-Y, 75% (3/4) in GA­

CC, and the one locus that is polymorphi c for GA-H and AL-S (Appendix I). It is unlikely 

these deviations are due to technical error as there was no miss ing data and all markers that 

produced excess ive stutter peak were removed from the study. 

Although onl y loc i that were polymorphi c at the species level were assayed for thi s study, 

not all of these loc i were polymorphic in all popul ations. On average, onl y 16.3 % of these 

loc i were po lymorphi c in X tennesseensis popul ations (Table 3). At the regional (s tate) level, 

Alabama popu lations displayed the highest levels of geneti c vari ability whil e Tennesse 

popu lations had the lowest va lues fo r all geneti c vari ab ility measures (a ll eles per locus, % 



pol ymorphic loci , and heterozygo ity; Table 3). Alabama populations averaged 37.5 % 

polymorphic loc i, which was almost four to seven times higher than for Georgia and 

Table 2. Characte_ri zation of microsatellites including primer sequence, repeat motif, number 
of al leles, allele size, and fluorophore tag uti l ized in this study. 

Repeat o. of Size 
Locus Primer Seguence (5'-3 ') motif alleles (bE) Fluoroehore 

33 F-AGACTTGATAGCATCGTGGAGAC (ACAT)5 
.., 263-271 6FAM J 

R~CGATGCGCATGGTAATAAGAAG 

57 F-GCAA TTGGCGC AAA TAT A TCTCG (ACC)5 2 346-35 1 6FAM 

R-AGGTATTGGCAGATCATCCTCTC 

153 F-AACTCTGATAGAAGCTCCACTGG (AG) 10 2 350-354 NED 

R-ACCAGAATTTCATCCTCTTTCAGC 

175 F-GATGCTTTGCTGAATGTTTCTGG (AG) 1h 5 200-208 ED 

R-CATTGTTCACACTCGCATCAATG 

1066 F-CGGAAGGAAGAGAAGAACATGTG (AG) 11 -+ 385 -39 1 VIC 

R-A TGA TC ACAACCTCCCTAACTCC 

1245 F-ATACTTGTCTCCTTTCTCTGGCG (AG)h 2 242-244 PET 

R-ACGGATTTCTAGGGTT ATTTGCTG 

1418 F-CGGTTTGTAAATGCC TGAACAC (AG),1 322-330 ED 

R~ATTCCAGTCGCGTTGAACTATC 

1558 F-AACTC ACTTAATCTTCCACGC AG (AG)1-1 3 21 5-2 19 NED 

R~CTTGGTCATATTGCTCTTCGTTG 

1570 F-AAAGCGAAAGGATGGTCTTACG (AG b 7 221-2-+3 6FAM 

R-TTGCGAACATTCACTATCTC AGC 

1670 F-TGTTTGCTTCC ACTGATTC,TCTC (ACT),, 2 3-+-+-3-+ 7 PET 

R-ATGCCC AAA TC AAGACTAGGTTG 

1712 F-ATTTCTATCTCTGCCTTGCGTTC (ACil 1, -+ 230-236 VIC 

R-CAACTGGCiCTGTTAGGTTGAAC 

2032 F-CTATGGAGTAGGATC AGCATGTG (AG),1 2 184-1 86 PET 

R~CTTTCTCGCGTACCTTCATATTG 

2846 F-CAAGTATTCCACCATCTGCCATG (AGb, 6 205 -2 34 VIC 

R-CAGCACTCACTAAGCC CTTATG 

7809 F-CTCGA TC AAAGGCTCTGAA TTCC (ACT)- 2 182-1 85 PET 

R-TCAAATAC AGCGCTTACTCAACC 



Table 3. Geneti c va ri ability averaged across 14 po lymorphi c loc i for all sampled X. tennesseens is popul ations (standard error provided 
in parentheses). M ean sa mple size (N), average number o r all eles per locus (A ), pri vate all eles (AP), mean polymorphi c loc i (P), mean 
polymorphi c loci w ith 95 % occurrence ( P'!5), mean observed heterozygos ity (H u), unbiased (N ei, 1978) mean expected heterozygosity 

( He: )-

State-Poeutation N A AP p p95 Ho He 
TN -L 30 .0 (0 .00) I. I (0 .07) 0.0 7. 1 0 0.002 (0.002) 0.002 (0.002) 

TN-T 30 .0 ( 0.00) I. I (0.07) 0.0 7. 1 7. 1 0.005 (0.005) 0.005 (0.005 ) 

TN -G 30.0 (0.00) I. I (0 .07) 0 .0 7. 1 7. 1 0.007 (0.007) 0.007 (0.007) 

TN -D 30 .0 (0.00) 1. 1 (0 .0 I ) 0.0 7. 1 7. 1 0.010 (0.0 I 0) 0.009 (0.009) 

TN-A 18.0 (0.00) 1. 0 (0 .00) 0.0 0.0 0 0.000 (0.000) 0.000 (0.000) 

Mean T N 27.6 1.06 0.00 5.68 4.26 0.005 0.005 

AL-E 30.0 (0 .00) 1.7 (0 . 16) 7. 0 64.3 64.3 0.07 1 (0.021 ) 0.2 51 (0.05 7) 

J\ L. -W 30.0 (0 .00) 1.6 (0 . 13) 2.0 64 .3 64.3 0.095 (0.029) 0.279 (0.05 8) 

J\L.-S 30.0 (0 .00) 1. 1 (0 .07) 0.0 7. 1 7. 1 0.000 (0.000) 0.035 (0.035) 

J\ L -Y 30.0 (0 .00) 1. 1 (0 . I 0) 0.0 14.3 14.3 0.005 (0.005) 0.036 (0.032) 

Mean AL 30.0 1.39 2.25 37.5 37.5 0.043 0.150 

(i/\- II 30.0 (0 .00) 1. 1 (0 .07) 1.0 7. 1 7. 1 0.000 (0.000) 0.028 (0.028) 

GA-M 30.0 (0 .00) 1. 1 (0 .07) 1.0 7. 1 7. 1 0.005 (0.005) 0.005 (0.005) 

GJ\-C 30.0 (0 .00) 1.0 (0 .00) 0.0 0.0 0.0 0.000 (0 .000) 0.000 (0.000) 

GA-CC 30.0 (0 .00) 1. 3 (0 . 13) 0.0 28 .6 28.6 0.03 1 (0.01 8) 0. 101 (0.050) 

GA-P 2 1.0 (0.00) 1. 1 (0.07) 1.0 7. 1 0.0 0.003 (0.003) 0.003 (0.003) 

Mean G A 28.2 I.IO 0.60 10.0 8.56 0.008 0.027 

Mean for species 28.6 (0 .27) 1.17 (0 .03) 0.857 (0.50) 16.3 (5.72) 15.3 (5 .89) 0.017 (0.004) 0.054 (0.01 ) 

(all popul ati ons) 



re1111essee. respecti vely. Observed (Hn=0.043) and expected (Hc=0.150) hetcrozygosity for 

labarna populations averaged more than fi ve times higher than for Georgia populations, 

\\'hercas Ho was almost 9 time higher and He was 30 times higher for Alabama than for 

Tennessee populations (Hu=0.005 and Hc=0.005). The inbreeding coefficient, Fis, refl ected 

this overa ll lack of heterozygotes within populations of thi s species (F1s=0.707, estimated 

from A MOVA, P<0.00 I) . 

Of the 14 X tennesseensis populations sampled, Alabama populations AL-E and AL-W 

were the most variable. Tennessee populations were all fixed for the same allele at 11 of the 

14 loci , with TN-A being invari ant for all loci . The other four Tennessee populations were 

each variable at just one of the remaining loci , having a second allele of relati vely low 

frequency (2%-7%) at the variable locus. Four of the fi ve populations in Georgia were fixed 

at either all of the loci (GA-C) or at all but one locus (GA-H, GA-M, GA-P). GA-CC was 

polymorphic at 4 loci , but no Georgia population had more than two alleles at any of the 

vari ab le loci. Although Alabama populations tended to be more variable, AL-S was fixed for 

all but one locus and AL-Y for all but two. AL-E and AL-W were each polymorphic at 10 

loci . With 3 alleles at locus 2846, AL-E was the only X tennesseensis population to have 

more than two alleles at a variab le locus. Among the 30 plants sampled from each of the two 

most variable populations, there were 24 unique multilocus genotoypes within AL-E and 28 

within AL-W. 

Di vergence among popul ations accounted fo r approximately 91 % of genetic variability in 

X tennesseensis (Fsi = 0.906, estimated from A MOVA, P<0.00 I) . Including regions (states) 

in the AMOVA hierarchi ca l analysis , differentiation among the states accounted fo r the 



majority (60%) 01-the geneti c vari ati on in thi s species, with an additi onal 31 % due to genetic 

dilTcrenccs among the popul at ions within each state, and onl y 9% due to vari ab ili ty within 

pop ulati ons. Both Meirmans' (2006) F 'sT and Mei rm ans and Hedrick's (20 11 ) G '\ r were 

margin all y higher at 95%. 

While Tennessee populations did not possess any private alleles, three populations fro m 

Georgia and two fro m Alabama had one or more (Table 3)_ In Georgia, GA-H, GA-M, and 

GA-P each had one private allele at a locus (a di ffe rent locus fo r each population). In 

Alabama there were nine private alleles spli t between AL-E (seven private all eles across six 

loci ) and AL-W (two pri vate all eles, one at each of two loci). As a region, Tennessee did 

have 7 unique all eles not seen in either Alabama or Georgia. 

Estimates of Nei's ( 1978) unbiased geneti c identity (Table 4) fo r pairs of Tennessee 

populations round to 1.000 (geneti c di stance of0.000) because, with the excepti on of the few 

heterozygotes at three loci, Tennessee populations are geneti ca ll y nearl y identi ca l. What little 

di ffe rentiat ion was ava ilabl e among these populati ons was more noti ceable in the pairwise 

Fsr compari sons (va lues ranging fro m 0.003 to 0.034) (Table 5). Alabama populations 

showed more dive rgence withi n their region, which is refl ected in identity va lues ranging 

fro m 0.557 to 0.833 (genet ic di stance range of0.183 to 0.586) and pa irwise FsT va lues 

ranging fro m 0.1 89 to 0.856. Georgia popul at ions di sp layed a similar spread of geneti c 

identities within their region, ranging fro m 0.532 to 0.8 17 (geneti c distance range of 0.203 to 

0.632 ), although pa irwise Fsr showed the higher levels of di ffe rentiation between Georgia 

Pop ulations ranoino fro m O 432 to 0.987. Overa ll , Georgia pop ul at ions were more 
' b b ' 

diffe rentiated fro m Tennessee than from Alabama pop ul at ions, with GA-P and GA-C be ing 

the least genet ica ll y simil ar to Tennessee according to both Nei's geneti c identi ties and the 



Tab le 4. Be lovv the d iagona l are Ne i 's (1978) unbiased genetic ident ity values; above are Nei ' s (1978) unbi ased genetic di stance 
, a lues for each Xwis fennesseensis population pair. 

State-Popu lation 
TN - TN- TN- TN - TN- AL- AL- AL- AL- GA- GA- GA- GA- GA-
L T G D A E w s y H M C cc p 

TN-L - 0.000 0 .000 0.000 0.000 0.771 0.967 0.903 1. 160 0.877 1.01 9 1.252 0.832 1.931 

TN-T 1.000 - 0.000 0.000 0.000 0.770 0.966 0.902 1. 159 0.876 1.01 8 1.250 0.831 1.930 

TN-G 1.000 1.000 - 0.000 0.000 0.766 0.963 0.910 1. 170 0.884 1.027 1.262 0.829 1.954 

TN-D 1.000 1.000 1.000 - 0.000 0.757 0.949 0.888 1. 172 0.862 1.003 1.232 0.8 18 1.897 

TN-A 1.000 1.000 1.000 1.000 - 0.772 0.968 0.904 1. 162 0.878 1.02 1 1.253 0.834 1.932 

AL-E 0.463 0.463 0.465 0.469 0.462 - 0.22 1 0. 183 0.547 0.423 0.975 1.033 0.556 1.03 7 

AL-W 0.380 0.381 0.382 0.387 0.380 0.802 - 0.296 0.413 0.508 0.89 1 0.914 0.592 0.859 

AL-S 0.405 0.406 0.403 0.4 12 0.405 0.833 0.743 - 0.586 0.352 0.752 0.759 0.518 0.761 

AL-Y 0.313 0.3 14 0.310 0.310 0.313 0.579 0.66 1 0.557 - 0.74 1 0.721 1.312 0.938 0.874 

GA-H 0.416 0.416 0.4 13 0.422 0.4 15 0.655 0.602 0.703 0.477 - 0.506 0.5 12 0.203 0.514 

GA- M 0.36 1 0.36 1 0.358 0.367 0.360 0.377 0.410 0.471 0.486 0.603 - 0.436 0.264 0.563 

GA-C 0.286 0.286 0.283 0.292 0.286 0.356 0.40 1 0.468 0.269 0.599 0.647 - 0.307 0.242 

GA-CC 0.435 0.436 0.437 0.442 0.434 0.574 0.553 0.596 0.392 0.8 17 0.768 0.736 - 0.632 

GA-P 0.145 0. 145 0.142 0.150 0.145 0.355 0.424 0.467 0.4 17 0.598 0.570 0.785 0.532 -

t. 
► 



Table 5. Pa irw ise compari son of F sT between popu lat io ns be low the d iago na l, s igni fica nce va lues above. 

S tate-Po pu lat ion 
T N- T N- T N- T N- T N- A L- AL- A L- A L- GA- G A-
L T G D A E w s y H M 

TN - L - 1.000 0.200 0.200 1.000 0.0 10 0.0 10 0.0 10 0.0 10 0.0 10 0.0 10 

TN-T 0.003 - 0.060 0. 140 0.550 0.0 10 0.0 10 0.0 10 0.0 10 0.0 10 0.0 10 

TN -G 0.02 1 0.022 - 0.1 00 0.290 0.0 10 0.0 10 0.0 10 0.0 10 0.0 10 0.0 10 

TN - D 0.029 0.029 0.03 1 - 0. 150 0.0 10 0.0 10 0.0 10 0.0 10 0.0 10 0.0 10 

TN -A 0.008 0.0 17 0.026 0.034 - 0.0 10 0.0 10 0.0 10 0.0 10 0.0 10 0.0 10 

A L-E 0.652 0.650 0.647 0.643 0.655 - 0.0 10 0.0 10 0.0 10 0.0 10 0.0 10 

A L-W 0.656 0.654 0.652 0.648 0.659 0.220 - 0.0 10 0.0 10 0.0 10 0.0 10 

A L-S 0.940 0.936 0.933 0.929 0.943 0.346 0.4 17 - 0.0 10 0.0 10 0.0 10 

A L- Y 0.946 0.943 0.940 0.937 0.949 0.56 1 0.48 1 0.857 - 0.0 10 0.0 10 

GA-H 0.950 0.946 0.943 0.939 0.954 0.522 0.529 0.820 0.887 - 0.0 10 

GA- M 0.989 0.986 0.982 0.979 0.993 0.682 0.643 0.929 0.925 0.923 -

GA-C 0.997 0.994 0.99 1 0.988 1.000 0.694 0.65 1 0.937 0.952 0.934 0.987 

GA-CC 0.84 1 0.837 0.834 0.830 0.844 0.504 0.492 0.737 0.807 0.576 0.680 

GA- P 0.993 0.99 1 0.988 0.986 0.996 0.69 1 0.639 0.932 0.935 0.927 0.982 

GA- GA-
C cc 
0.0 10 0.0 10 

0.0 10 0.0 10 

0.0 10 0.0 10 

0.0 10 0.0 10 

0.0 10 0.0 10 

0.0 10 0.0 10 

0.0 10 0.0 10 

0.0 10 0.0 10 

0.0 10 0.0 10 

0.0 10 0.0 10 

0.0 10 0.0 10 

- 0.0 10 

0.7 17 -

0.985 0.8 12 

GA-
p 

0.0 10 

0.0 10 

0.010 
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0.0 10 

0.0 10 

0.0 10 

0.0 10 

0.0 10 

0.0 10 
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11ain, isc F, 1 comnari sons Alaba n1 a p I t. I · · 
· 1' • opu a ions were a so less simil ar to Tennessee than to 

Georgia popul ati ons. Comparing Tennessee with the other two states, AL- E, AL-W, and GA­

CC are the populations most similar to Tennessee populati ons (although specific ranking 

differs between geneti c identiti es vs . pairwise FsT). Comparing Alabama and Georgia 

populations, A L-S and GA-H have the highest geneti c identity values, whereas AL-W and 

GA-CC have the lowest FsT va lues. 

Principal coordinate analys is (Fig. 4) di splayed many of the same trends shown by Nei's 

( 1978) unbiased genetic identity. The first axis of principal coordinate analys is accounted fo r 

48.6% of vari ation in the data, plac ing the Tennessee populations on one side, with Georgia 

and the majority of Alabama populations together on the other side. The second ax is 

ex plained 22.2% of the vari ation separating Alabama (below the ax is) from Georgia and 

Tennessee (both above the ax is). Symbols representing the individuals of Tennessee 

populations are clustered tightl y together, while the more di ffe renti ated populations of 

Georgia and Alabama are spread more widely. The lack of within-population di versity can be 

seen fo r all Tennessee and most Georgia populati ons, as well as an Alabama population, with 

indi viduals so geneti ca ll y simil ar that population symbols overl ap so as to appear onl y once 

or twice. In contrast, AL- E and AL-W in Alabama and GA-CC in Georgia have much less 

overl ap among individuals, indicat ing higher wi thin-population di fferenti at ion. 

STRUCTU RE results (F ig.Sand 6) refl ect the regional grouping ev ident in the principal 

coordinate analys is. The modal va lue of DeltaK, deri ved from the log likelihood plot 

(example in Fig. Sa), was K=3 for nine of IO STRUCTU RE analyses perfo rmed, often with a 

singul ar hi gh peak (example in Fig Sb), indicative of the strength of the support that thi s is 



20.0 
♦ TN - L 

15.0 
■ TN-T 

10.0 
□ 

&TN-G 

5.0 
Tennessee 

0 
OTN-D 

N 
~ 0.0 ♦ TN -A .... 
e,:i 
C: 

-5.0 
DAL- E 

'0 
:.. 
0 &AL-W 
o -1 0.0 u .. 

-1 5.0 • &' • AL-S 

♦ AL-Y 

-20.0 
II ■ GA-H 

-25.0 &GA-M 

-30.0 e GA-C 

-30.0 -20.0 - I 0.0 0.0 10.0 20.0 30.0 GA-CC 
Coordinate I 

DGA-P 

Figure 4. Principal coordinate analys is using the genetic distance matri x, without data 
standard ization, for Xvris lennesseensis indi viduals. Popul ation abbreviations are given in the 
legend . Coordinate I ex plains 48.5% and coordinate 2 explains 22 .2% of the vari ation 
(70.7% total). 

the true K (Evanno et al. 2005). These 3 clusters represented the 3 states, suggesting the 

popu lati ons fo und in each state combi ne to fo rm 3 geneti c popul ations. The next most likely 

hypothes is by the DeltaK method \\ as K== 2, altho ugh thi s \\ as not nearly as we ll supported as 

K==3. With onl y two clusters, Alabama and Georgia pop ul at ions are gro uped together while 

Tennessee populati ons are ass igned to a separate cluster, a refl ec tion of the fac t that 

populations from these t\\ o states are more geneti ca ll y similar to each other than they are to 

populations in Tennessee. The log likelihood plot (Fig. Sa) shows that log li kelihood va lues 

plateau at hi gh K va lues (e.g. around K 8-1 0), with none of them signifi cantl y different from 

each other. 
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Figure 5. Exampl es of typ ica l output from STRUCTU RE HARVESTER (a) Mean estimated 
log likelihood(± SD) for 20 STRUCTURE runs for hypotheses K= 1-16. (b) DeltaK, the 

second order increase in likelihood fo r K=2-l 5. 
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CHAPTER IV 

Discussion 

Genetic Variation 

Xyris tennesseensis has very little genetic di\'ersity at 14 polymorphic microsatellite loci. 

Populati on-l evel pol ymorphism a,·eraged on ly 16%. ,,·ith about 1.2 all ele per locus fo r the 

species. Tennessee popul ation s had alm ost no \'ariahility. ,,·ith only a few heterozygotes at 

the three loc i that were po lymorphic fo r the region . Ccorgia populations. ,,·ith the except ion 

of GA-CC, had simil arl y lo,,· lc\'els of pol ymorphism. although Georgia population did 

differ l'rorn each other more th an did the nearly uniform Tennessee populations. !though 

AL- W and A L-E, the most gen ct ica II y di, er. c or a II the .\'. rc1111csscc11.,·is populations. were 

both in rn ri ,111t at onl y li\'e ol.thc I-+ loci. L- . and ,\ L-Y ,,ere lixed for near!) all loci . Very 

k\,· ,illclcs \\·ere ohscn·ed per population for tlin:-,c loci that" ere polymorphic (out or 1-+ .\'. 

rc1111cs.,·cc11.1·is populations. only L-E. had mnrc than 2 ,illclcs at a pl1lymnrphic locus), and 

ohscn cd lc\'cls of hctero1.ygosit: ,, ere c.\trcmcl: lo,, in all population:-, . . uch il)\\ le, cl · or 

genetic, ariability in.\'. h'1111c.1·.H·c11sis pupulation:-- suggc:--t that many or the:-,c population · 

may ha,·c experienced sc, ere genetic bottleneck:-- at sumc pnint in time. resulting in a los · of 

alleles. 

It is , cry li"ely that man:.\' h 'llll l'S.\'( '('11., i., popuL1tinn:-- ma: C\pcricncc pcrit1dic 

population genetic bottlcnccb due tn the llnndin g c,cnt:- that can nccur for strcamsidc 

habitats. With the combinatil1n of llH)SC . muc": soil and rclati, cly shallo1
1 roots . . \'. 

· · · · l -·1 · 1t ·d 11 ,·111 "Lil.licicnt force . Fast 11101 inQ llood trn11es.,·ee11s1s ,ndl\ 1duals can 1c ca~,: up1ol L ., _ 



,, aters cou ld erode soi l and dislodge entire plants d ·r 
1 

. • , . 
, an I a a1ge portion of the population 

"·as destroyed in this manner, such fl ood ing events co Id • 
u cause severe genetic bottlenecks, 

with a resultant loss of alleles. Low diversity populations AL-S, GA-C, TN-A, TN-D, and 

part of T -Gare likel y frequently subjected to flooding conditions as they are found very 

close to the edge of streams. TN-Tis on a steep hill side beside the stream, thus it is likely 

that onl y the lower portions of the population would be affected by flooding. Drought could 

be a stronger environmental pressure for GA-P, TN-L, TN-T, and the section of TN-G not 

located next to the stream. The water source for these populations is almost strictly ground 

water, thus extended droughts may lead to loss of indi viduals. ln 2000, a severe genetic 

bottleneck occurred in A L-Y when the water-source, a nearby spring, failed and the majority 

of the population was lost (Moffett 2008). 

The most di verse populations may not be as susceptible to flooding and drought. AL-E, 

one of the two most di verse of all sampled populations, is on the periphery of a swamp near 

the mouth of a spring. Though fl ooding may occur, it would result in standing water, instead 

of the faster currents that may be seen in streams, and the water-source at thi s site may be 

reli able enough than droughts are less common than in sites such as AL-Y. The other of the 

two most di verse populations, AL-W, surrounds a spring-fed pond on fl at ground and thus is 

also not likely to experi ence violent fl ooding events that could carry away large portions of 

the population. The most di verse Georgia populati on (and the largest population sampled), 

GA-CC, is aga in found close to a springhead on flat ground. 

Even fo r a rare endem ic, diversity leve ls as lovv as those seen in X tennesseensis are 

unusual in studies utilizing microsatellites markers, although Peaka ll et al. (2003) fo und no 



aenetic va ri ab ility at all at microsatellite loci for the relt.ctttal A t 1- ·.:- ,u If -::, us ra tan cont1 er, rro emw 

nobilis. However, many rare species have more variability Foi· e 1 . xamp e, among recent 

studi es of rare herbaceous endemics, Primula boveana (Jimenez et al. 20 14), Helianthus 

vertici/latus (E llis et al. 2006) and two species of Limnanthes (S loop et al. 2011 ; Sloop et al. 

20 12) al l had polymorphism levels that were over two to six times higher than those of X. 

tennesseensis. The average number of al leles per locus for both Limnanthes spec ies and H. 

vertici//atus was 3 to IO times higher than for X tennesseensis populations, although the 

average for P. boveana was onl y sli ghtl y hi gher, at 1.42 alleles per locus. The average 

polymorphi sm of another endangered southeastern U.S. endemic, Boechera perstellata, was 

28% (Baskauf et al.20 14), still nearl y two times higher than X. tennesseensis, although the 

average alleles per locus was simil ar at 1.3. 

Ex pected heterozygosity is also unusuall y low for X. tennesseensis. In a rev iew of 106 

rni crosatellite studies, Nybom (2004) reported expected heterozygosi ty levels fo r \·arious 

categori es of plant species, including ones \\·ith breed ing system s and ecological and life 

hi story strategies similar to X. tennesseensis: endemics (5 spec ies), se lting spec ies (4), mi xed 

breed ing speci es ( 13), short-lived perenni als (20), and species that ut ili zed \\·ind/water seed 

di spersa l (26) . The average e.\pected heterozygos ity for species in each or these categori es 

was at least 3 to I 2 times hi aher than that of X ten11essee11sis. as \\Cre the mean e.\pected 
::, 

heterozygos ity levels reported by Sloop et al. (20 11 ) and Sloop et al. (2012 )- bpected 

· · · - I · I , - f · H ,f' 111/1111· 1·erticillot11s (E lli s et al. 2006) 
heterozygos1t1es \\ ere more than 8 ttmes 11 g 1c:t 01 

l w · 

I b.t t) (Gernert et al 1 013) than for X. 
and H porteri (loca ll y abundant on a rare 1a 1 a · -

·I I ~. a sity fo r Boechem perstellata 
tennesseens is. On the other hand, e.\pectec 1ete iozy=o 



(H.==0.059, Baskaufct al. 20 14) and Primula bovean (H -o 085 J' 
c a c- . , 1menezet al.2014)were 

111 0 re compara bl e to X fennesseensis (Hc=0.054 ). 

Most X rennesseensis populations had extremely \ow levels of b d h · o serve eterozygos1ty 

at most polymorphic loci (average Ho=O.0 I 7). Average observed heterozygosity levels in 

each of the fi ve aforementioned categories in Nybom 's (2004) review were at least 20 times 

higher than that of X tennesseensis , with the exception of the selfing species category, for 

which va lues were still 3 times higher. Observed heterozygosity for X tennesseensis deviated 

significantl y from Hardy-Weinberg equilibrium in 20 out of 32 tests, resulting in a high value 

for the inbreeding coefficient (F,s=0.707). Boyd et al. (20 11) indicate that thi s spec ies is able 

to self successfully, and although it has a mixed breeding system, the significant deficit of 

heterozygotes displayed by these populations suggests that the species engages in much more 

inbreeding than outcrossing. The inbreeding coefficient for Boechera perstellata was even 

higher (F,s=0.933 , Baskauf et al. 2014), as was that of Primula boveana (F,s=0.862 , Jimenez 

et al. 2014) and Limnanthes jloccosa (F,s=0.82, Sloop et al. 20 11 ). All three authors 

attributed the high Fis values to a potenti all y high prevalence of se lfing, as may be the case 

forX tennesseensis. Jimenez et al. (2014) postulates that there may have been a hi storical 

reliance on selfing when pollinators were scarce. It is poss ibl e that pollinator scarcity could 

also affect the rate of se lfing in X tennesseensis. 

D · h · I · I I .· b,·1,·ty in X tennesseensis microsatellite markers were esp1te t eir re at1ve y avv va1 ia · ' 

more vari ab le and afforded better resolution for the population structure of thi s spec ies than 

did isozymes. Onl y 25% (2/8) of assayed isozymes were pol ymorphic at the species leve l in 

W·1 1· , ) h . 503/c of 28 microsatellites were polymorphic at the 
1 1s survey ( unpubl. data , w e1 eas 0 



.
1
,ccics lcn :I. /\ t the populati on level tli e . 

~ , iewere no p I . 
o ymorph1c isozyme loci. Thus while 

()bscn·cd and expected heterozygos ity level . 
s were low at m1crosatellite loci , at isozyme loci 

Ho and H~ were both zero due to all isozyme loci b . _ 
emg fi xed for a single allele within each 

population. There was no consistent pattern of fi • 
1xat1 ons when comparing isozyme and 

microsatellite results (AL-Y and GA-C were fixed fi h 
or t e same less common allele at one 

isozyme locus and AL-W was fi xed for a unique all I t h 
e e a t e second polymorphic isozyme). 

Although it is common for there to be less variabilit t · . . Ya isozyme loci than at m1crosatellite 

loci , the Willi s study reveal ed unusuall y low genetic variabTt · X . 1 1 Y 111 . tennesseens1s, even for 

isozyme loci , and even compared to other endemi c species (see · f 1 • review o p ant 1sozyme 

studi es in Hamrick and Godt, 1989). 

Population Structure 

Geographicall y iso lated populations with limited means of seed dispersa l tend to be 

more highl y differenti ated (H amrick and Godt 1996). )(_vris tennesseensis does have very 

high popul ati on level di ffe renti ati on, as is refl ec ted in its high Fsr va lue (Fsr=0.906,). This 

va lue is unusuall y high when compared with many other spec ies, including other species 

with low vari ability. FsT was two times higher than estimates included for se lfing spec ies in 

Nybom's (2004) review of microsatellite studi es, and was three to seven times higher than 

va lues reported fo r the other assoc iated categori es such as endemics, short-li ved perennials 

and mi xed breeding. Keeping in mind that cauti on is needed \\hen comparing across species 

or loc i with very di ffe rent levels of di versity, compari sons with other low di versity species 

stil l · d. II 1 ·ah I ve ls of popul ation di ffe rentiation. 
· 111 1cates that X tennesseensis has unusua Y 11

0 e 



The annua l n:rnal poo l endemic, limnanthes jloccosa . . 
sp. califormca, possess ing the same 

ni\cd mating system, with a prevalence of selfing d T . 
1 ' an uti IZlng water for seed dispersal 

i11L1 Ch like X. tennesseensis, has a lower FsT (F ,,=O 65 SI 
s 1 

• ' oop et al. 20 I I). Primu/a boveana, 

despite hav ing experienced what the authors postulate 1.k 1 . 
were I e Y severe genetic bottlenecks 

at the onl y four ex isting populations in addition to relying la I lfi . rge Yon se mg, still has lower 

amona-populati on variation (FsT=0.737, Jimenez et al 2014) H B h 0 · · owever, oec era perstellata 

has the same level of differentiation among its populations (FsT= 0.906, Baskauf et al. 2014) 

as X. tennesseensis. Like X tennesseensis, B. perstellata is another species which has very 

low genetic di versity and a di sjunct di stribution, and which the authors suspect to be 

primaril y se lfing. It should be noted that none of the above tudies report F "sT values. 

Principal coordinate analysis illustrated that a significant amount of the variation in the 

spec ies was due to regional (state) differences and that Tennessee was the most di vergent 

region (F ig. 4) . Despite the lack of a consistent pattern between geneti c imilarity and 

geographic proximity for spec ific population pairs, the average genetic identity bet\\·een 

Alabama and Georgia populations (0.4 72) was higher than the average between Tenne see 

and either Alabama (0.392) or Georgia (0.329). It is poss ibl e that at one time the distribution 

of the seepage fe n habitat preferred by X. tennesseensis was more continuous between 

Al b · · l d I adi na to hi aher levels of genetic a arna and Georoia allowmo oene t ow to occur an e o o ---e , ::, o 

· . . • d. t ·b t"on throuahout Tennessee and 
simtlanty. There may have been a more contmuous is n u 1 0 

. . 1 t ti separat ion of these two regions 
Alabama as we ll al thou oh oenetic ident1t1 es suggeSt t 13 ie 

' 0 0 

G raia and Alabama populations. With the 
took place long before gene fl ow stopped among eo 0 

A . . b .. · . between Tennessee and Georgia 
ppa lach1an Mountains act ing as a geographi c 311 iei 

. . . . . ri sons between these regions give the 
Populations, 1t 1s perhaps unsurpnsmg that compa 



I .. ,1 'l\"L'ra l! L' [!cncti c similar ity. Currentl y th I 
11\\ c • ~ ~ , e argest gap bet 

ween any two neighboring 
.. nplcd populati ons within the Alabama-Georgia b d . 
~di an ts ~ I 20 km (from AL-E to AL-Y). 

1 contrast, the shortest di stance from any Tennesse 
1 

. 
n e popu ation to an Alabama or a Georgia 

opu lat ion within the band is 289 km (TN-A to AL-W) 325 k 
P or m (TN-A to GA-C), 

·especti ve ly, which is similar to the geographical span bet h . 
1 ween t e most distant populations 

in the Alabama-Georgia band (302 km from AL-S to GA-P) Ov . t· . h . · et tme, wit continued 

habi tat destructi on and fragmentation due to anthropogenic activities, genetic drift and 

increased isolation may lead to further differentiation among the Georgia and Alabama 

populations. 

The DeltaK method of Evanno et al. (2005) typicall y detects the highest level of structure 

in a data set, which is the regional (state) leve l in the case of K=3 for this study. It should be 

noted that Pritchard et al. (20 I 0) cautioned that inbreeding, which the data suggests occurs in 

all of the sampled X tennesseensis populations, could lead to an overestimation of K by 

STRUCTURE. Thus, for thi s species which appears to rely heav il y on inbreeding, it may not 

be surprising that increasingly higher K va lues di sp layed in the log likelihood plot (F ig. Sa) 

appear as more likely hypotheses than the best modal K of 3. It should also be noted that 

although the term "geneti c population" is used to refer to genetically similar cluSters formed 

b · · d ecoloaical definitions of 
Y ana lyses such as STRUCTU RE, there are various genetic an ° 

· d·ffe·ences exist amona the 
"population" (Wapl es and Gaggiotti 2006). Of course, genetic 1 1 ' 0 

. . . . . d. ··bution the likel ihood of gene fl ow 
populat ions even within states, and with their dt sJunct 1st11 

. . " _ ,., ,, CTU RE solution indicates the relative ly 
among them 1s ex tremel y low. Whtie a K- J STRU 

h' a the states it does not negate the 
igher similarity of populations within a state than arnono ' 

fa . . . . . rrentl y occurring among most 
ct that It 1s ex tremely unlikely that gene fl ow ts cu 



nopulations within a region, or that it has occurred D . . 
~ or a very long t11ne 111 the past, 

considering the geographic di stances between the 
1 

. 
popu ations and the fact that many 

populat ions with in Alabama or Georgia have privat II 1 e a e es and are fixed or nearly fixed for 

different all eles at some loci. 

Conservation Implications 

Habitat loss is a major threat to X tennesseensis populations, contributed to by improper 

or insufficient management of X tennesseensis sites on both private and public lands. In 

2008, the privately-owned GA-M was determined to be the largest Georgia population 

(Moffett 2008). However, during the 2014 leaf collection at this site, it appeared that much of 

the pop ul ation was destroyed due to the owner using a back -hoe to scrape out the stream and 

the surrounding riparian zone in an attempt to make the stream less hospitable to reptil es 

such as Agkistrodon piscivorus. Likewise, even though the GA-P population is located in a 

\\ildlife management area it was nearl y ex tirpated by \\·ild hogs between the 2008 census and 

the 20 14 co ll ection . This population, which once hosted many more ramets (Boyd and 

Moffett 20 IO), was reduced to a mere 21 ramets, none 01· \\·hi ch had flowering stalk s. 

Onl y six sampl ed X tennesseensis sites are located on public lands (T -A, T -D, AL-W, 

AL-Y , GA -Hand GA -P), where they are afforded some degree of protection, at least from 

I · · · . · L E TN-L T -G either protect the site or have iuman ac t1 v1t1es. The pri vate owners ol A - , , 

· - • . · · -· a Ho\\·ever, the largest and most 
ag,eements with government agencies to pe1 m1t rn on, to1111.=· 

ct· . .· I omied land and the upstream and 
,verse Georgia popul ati on (GA-CC) 1s on P1 ,vate Y ' 

d . .. . d . . d Is The landowner of the upstream 
ownstream portions are owned by d,tterent 111 ,vi ua · 



1nrtion. " ·here the vast majority of the populatio • 
I n is concentrated, does actively protect the 

popula ti on and in 20 14 agreed to refrain from mowing so 1 c ose to the stream during the 

110,,·erin g season for X tennesseensis (M Moffett 
~ · ' pers. comm.). The much smaller 

downstream portion of the population is threatened becaus ·t d . 
e I surroun s a watering hole in a 

catt le field , and that land owner is unlikely to make changes t . h o p1otect t e plant. The 

remainder of the X tennesseensis populations occur on pri·vatel d I d h Y owne an s w ere 

landowners have not made any official agreements to protect the plants. 

In the interest of preserving the genetic diversity of the species, more populations need to 

be protected. Those which are currently on located on public lands should be more closely 

monitored and maintenance efforts, such as invas ive spec ies removal (i.e. wild hogs, 

competing invas ive plants) and thinning of encroaching nati ve plants, should be carried out 

for all populations found on federal or otherwise protected land. In two Tennessee 

populations, TN-A and TN-T, vegetation of the threatened Parnassia grandifolia i very 

thick and could potentially overcrowd X tennesseensis, preventing vegetati ve spread and 

root growth (D. Estes, pers. comm.). Impatiens capensis growth fo und on ei ther side of the 

TN-G hill side population may eventually begin to shade out X. tennesseensis indi viduals 

fou nd on the periphery (A. Bishop, pers. comm.). Competition th rough shad ing is also 

. . . . . A · t e· 503/c ofGA-H was in fu ll occurring 111 the GA-H population 111 Georgia. tone pom ov 1 0 

I . . . . . · . d X tennesseensis individuals in 
s 1ade due to overhan omo branches of H1 •pe11rnm mte, IOI an · 

0 0 · 

I Cl . • 0 b k the over-han oing branches by 
t 1e population had not bloomed for two years. 1PP 111::o ac 0 

h . . . hrubs without damaging the habitat 
and 1s the most effecti ve way to remove the Hype, 1c11111 s 

. . . a . ·s a labor-intensive process. In the first 
or the ex1st1ng X tennessee11s1s plants, althouoh ,t 1 

. . . . rease in the number of flowering spikes, 
year lollowing treatment there was a s1gmficant mc 



but a dec line in the next tvvo years, most likely becaus th h b 
e e s ru s began to grow back and 

other herbaceous species were overcrowding the X 1 . 
. ennesseens1s clusters (Moffett 2008). 

Any future management plans should consider this when h d 
1
. . . 

sc e u mg overstory tnmmmg. 

Results from this study indicate that continued protection of the AL-E and AL-W 

Populations in Alabama should be a high priority Not onl y are these th I 
1 

• · e argest popu at1ons 

in Alabama, but they also have the highest levels of geneti c diversity of any sampled X 

tennesseensis populations. Fortunately, both AL-E and AL-W occur on protected lands, with 

AL- E owned by the University of Montevall o and AL-W fo und on Fort McC lellan Military 

Reserva tion. They should continue to be regularl y monitored and surrounding shrubbery, 

such as the dense thi ckets fo und lining the spring at AL-E, should be pruned if competing 

plants threaten to crowd out patches of X tennesseensis. The GA-CC population in Georgia 

ranked third fo r in term s of genetic di versity. Open communication should be mai ntained 

with the owner of the upstream porti on of GA-CC to protect thi s largest and most genetica ll y 

diverse Georgia populati on. The fo urth most va ri ab le site, GA-H , located on protected publi c 

lands, receives regul ar maintenance to keep the over-hanging H,peric11111 limbs tri mmed 

back. 

· h I · · I , Is of oeneti c variab ili ty these Although the Tennessee populattons ave O\\ e1 e\ e :::- ' 

. . . . . f tl ations ha\·ing se\·en all eles at 6 populations are the most geneti ca ll y d1 ve1gent g1oup O popL ' ~ 

, _ . . . 1 Tennessee popu lations. Whether or 
(4J%) ot the loci that are u111que or nearl y unique to t ie 

. ·ct T d - oional ecotypes is un known. 
not these geneti c di ffe rences correlate with urn enti ie I e.=: c 

. G id TN- D (one of the onl y Tennessee 
Among Tennessee's popul ations, TN -T, TN- , at 

. . . the largest, and they are also the top three 
Population protected on publi cly owned land) aie ~ 



. 1,,nns or hctcrozygos ity levels. Although TN T · 
111 " - - 1s not the t · mos vari able population by far, 

it is a fai rl y large population that is reported to have the hi h . 
g eSt quality X tennesseensis 

habitat of all the populations in all three regions (Boyd d M f 
an o fett 20 IO). 

Future Research 

Because it is imposs ibl e to determine in the field whethei· a clui,,p · · · 1s one genetic 

individua l or several , it is difficult to accuratel y estimate popul ation sizes. Thus, it would be 

use ful to determine how common cloning i and how likely it i that clump con i t of a 

single clone. It should be noted that the microsatellite included in thi study ,,·ere not 

\'3riab le enough to address thi s question. In future studies, it \\'Ould be beneficial to em1 loy 

different genetic markers that are much more \'ariable (ei ther more \'ariable micro atelli tes if 

such ex ist, or some different kind or marker), so that the prc\'alcncc or clonal gro\\'th in thi s 

spec ies could be assessed by subsampl ing clusters or rarnets . It ,,·ould be be t to include the 

111 os t geneti ca ll y diverse populations in such a study. as populations that arc predominantly 

111onomorphic at microsatc llitc markers used for thi study may not pro, idc any di . cernable 

·· ·· · t I ·· · .·bl ·,. sa t'ii1·1·so1·0tl1crt)'PCSOrmarkcrsare ,,111 at1 011 )Ct\\'een c ustcrs c,·cn 11 more , ai 1a c 1111 c10, 1.: 1.: . 

employed. The population in Franklin County. AL, should also he sampled in a i·uture Sllld y, 

as there is currently no knowledge or it s genetic di , crsi ty. 

U · d tates due to an th ropogenic 
With the loss of ,,·etl ands across the southeastern nitc 

, . . · . _ . --~- d lati on fra!.!rnentati on are likel y 
ac ti, 1t1es, lorces such as random genetic d1 i,t an popu ' -

arr . . . . . . . t \' f (!JIJ/t!SSeellSIS. A study including 
' ectmg multiple spec ies ,, 1th111 these habitats, not JUS · · 



,c, cral :--pccics in this \\'Ct land habi tat may revea l ti . . 
. iat multiple species have similarl y low 

1
,, ch nf ucnctic di\'crs it y, lowerin g the overall ge t' d' . 
c ~ ne ic ivers1ty and possibl y the 

,rnducti,·it y or the community (Booth and Grim e 200J) 0 . . . . . 
I · eteimm111g which species, 1f any, 

arc uenctica ll y depaupera te and assess ing what may be thf . 
~ e cause O the low di versity may 

also allo,,· conservati oni st to more accurately ascertain wh t . 
a pressures, environmental or 

othe1'\\'i se, the community is experiencing. 

Many fac tors beyond rarity such as geographic isolation breedi'ng s t d d' 
1 , ys em, see 1spersa , 

and li fe fo rm can have effects on genetic di versity (Hamrick and Godt 1989, Gitzendanner 

and Solti s 2000, Nybom 2004 ). It would be informati ve to compare the variability of X 

rennesseensis to a widespread congener such as X torta to determine the presence and 

possible significance of any correlation between the rarity of X tennesseensis and its low 

geneti c vari ability. The widespread species thrives in habitats very similar to that of X 

rennesseensis, with the exception that the so il is more acidic than circum-neutra l. 

At the end of the fl owering season, it would be useful to collect seeds from cones of the 

most geneticall y di verse populations to perfo rm a greenhouse study on the ecotypes of those 

populations, perhaps determining if indi viduals from the Southern Ridge and Valley Seepage 

Fens are abl e to thri ve in so il from the Western Highland Rim Seepage Fens and vice versa. 

In additi on, greenhouse cross-breeding experiments could evaluate whether interpopulation 

. Id b h . r I (e g result in outbreeding crosses among long-i so lated populations wou e aim u · · 

d d · I as seed production or 
epress ion) or benefi cial (e.g. improve fitness-relate traits suci 

. . _ would be crucial to dec iding if 
seedl111 g surviva l). Determining the effects of such crosses 

off • . . d to create an artificial population or 
spring lrom a mi xture of populati ons should be use 



aug:ni ' ell t an ex isting one. The Mi ssouri Botanical Garden and Atl anta Botan ical Garden are 

cu1 1en ° .. tl y storin o seeds, though not from all population . Future seed collec tions should 

. 1 d the cones of the popul ati ons with the highe t diversity (in particular AL-E and Al­ine u e 

W), and those hosti ng unique all eles. 



CHAPTER V 

Conclusions 

The rare plant, Xyris tennesseensis has very low genetic d' . . . 
iveisny at m1crosatellite loci -

even compared with other rare species - with low percent pol h' 
1 

. 
ymorp 1c oc1, number of 

alleles per locus, and observed and expected heterozyoosity Stich lo 1 1 f d' . 
b · w eve s o 1vers1ty 

could put this rare species at a higher ri sk for extinction by lowerino fiti1ess · th h 
.:, in es 011-term 

and impairing the species ' abi lity to adapt in the long-term. Thus it is especiall y impoi1ant to 

preserve as much genetic variabi lity as poss ible in thi s species. Desp ite hav ing the lowest 

genetic vari ation of the three regions, Tennessee populations are geneti ca ll y distinct from 

Alabama and Georgia, with several unique all eles in the region, and the state hosts one of the 

highest quality sites for the species. Therefore, these pop ul ations warrant monitoring and 

invasive and/or competing spec ies-remova l maintenance. Georgia populations sho\\' limited 

variability, with on ly 4 pol ymorphic loc i in the region, but several populations haw private 

alleles, and the region boasts the largest and be t maintained site at thi point (GA-CC). 

Alabama is the reoion with some of the most geneti ca ll y va ri ab le populations. although the 
b ~ 

majority of that vari ation could be attributed to onl y two of the four sampled populati ons. 

F · · d I d d I opefu ll y they \\ ill cont inue 01tunately, those two populations occur on protecte an , an 1 

b ,. 1 Id I b f cused on protecting Georgia to e protected and managed properly. Et tort s s 1ou a so e O ~ 

d h t. di\'ers it y as possible at both 
an Tennessee populations in order to preserve as muc gene ic 

the · species and population levels. 

. . . . . cies, surviva l. so much so that the 
Hab!lat loss 1s the most 1mmed1 ate threat to thi s spe 

I . 70 I" ) Efforts must be made toward 
lab itat itse lf is considered imperil ed ( atureSei ve - J · 



. ,rcscn·ati on and removal of hading competition in extant sites. Surveys should be 
\1 ,1b1WI I . 

con d 
locate suitable sites fo r future artificial populations while takino any ecotypic 

ducte to b 

. . consideration, perhaps beginning with the known Highland Rim Seepage Fens 
t1erns into pa 

ssee Attention should be paid to which populations, if any, are combined in 
sites in Tenne . 

. t 
5 

to prevent outbreeding depression. 
these new st e 
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I Orphic \oc i dev iating significantly from Hardy-Weinbero expectations by 
d. , I Po ym o , Appen _,x . 

P¢uon. _ N_u_m_b_e_r _o;-f-----------------------

State- Pol ,mor hie Loci Deviatin° Loci P-value 
po ulation 175, I 066, 1418, I 558, I 570, 1712, 2 46, 09 P<0.00 I 
AL-E 

9 
153 , 175 , 1066, 1418, 1670, 1712 P<0.0020 

AL-W 
9 

153 P<0.0000 
AL-S 

AL-Y 

GA-H 
GA-CC 

2 

4 

153 P<0.0000 
153 P<O.O 0 

I 53, 175. 7809 P<O. o➔ -



/\ppcndis 2 . Allele frequencie s al 14 loci for X 1ris t e nnesseensis. Samp le s iz e per popu lat ion (N) is 30 , e xcept for TN-A (N = \ 8 ) a nc.\ 
GA -P (N= 2 l ) . (bp= base p a irs) 

A lle le 
Loc us Size TN-L TN -T TN-G TN - D TN -A AL- E AL-W A L-S AL-Y GA- H GA- M GA-C GA-CC G A-P 

(bp) 

33 263 0.00 0.00 0.00 0.07 0.00 0 .88 1.00 1.00 0 .03 1.00 1.00 1.00 1.00 0.98 
267 1.00 1.00 1.00 0.93 1.00 0.00 0 .00 0.00 0.97 0.00 0.00 0.00 0.00 0.02 
27 1 0.00 0.00 0.00 0 .00 0 .00 0. 12 0.00 0 .00 0 .00 0.00 0.00 0.00 0.00 0.00 

57 346 0.00 0.00 0 .00 0.00 0.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
352 1.00 1.00 1.00 1.00 1.00 0 .00 0.00 0.00 0.00 0.00 0 .00 0.00 0.00 0.00 

153 350 0.00 0.00 0.00 0 .00 0 .00 0.00 0 .27 0.43 0.67 0.27 1.00 1.00 0.50 1.00 

354 1.00 1.00 1.00 1.00 1.00 1.00 0 .73 0.57 0.33 0.73 0.00 0.00 0.50 0.00 

175 200 0 .00 0 .00 0.00 0.00 0.00 0.75 0.65 1.00 1.00 0.00 0.00 0.00 0.00 0.00 

202 1.00 1.00 1.00 1.00 1.00 0.25 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

204 0 .00 0.00 0 .00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.92 0.00 

206 0.00 0.00 0.00 0.00 0.00 0.00 0.35 0.00 0.00 0.00 0.00 1.00 0.00 1.00 

208 0.00 0 .00 0 .00 0 .00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00 0.08 0.00 

1066 385 0.00 0 .00 0.00 0.00 0.00 0.00 0.67 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

387 1.00 1.00 1.00 1.00 1.00 0 .70 0.33 1.00 0.00 0.00 0.00 0.00 0.00 0.00 

389 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 1.00 1.00 1. 00 1.00 1.00 

39\ 0.00 0.00 0.00 0.00 0.00 0.30 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

1245 242 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.00 1.00 0.00 

244 0 .00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00 1.00 

1418 322 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00 1.00 1.00 1.00 1.00 1.00 

324 1.00 1.00 1.00 1.00 1.00 0.00 0.72 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

328 0.00 0.00 0.00 0.00 0.00 0. 18 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

330 0.00 0.00 0.00 0.00 0.00 0.82 0.28 0.00 1.00 0.00 0.00 0.00 0.00 0.00 



Allele 
Locu.s Size TN-L TN-T TN - G TN-D TN-A AL-E AL-W AL-S AL-Y GA-H GA- M GA-C GA-CC GA-P 

(bp) 

1558 215 0.00 0.00 0.00 0.00 0.00 0.50 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 
21 7 1.00 1.00 1.00 1.00 1.00 0.50 0 .00 0.00 0.00 1.00 1.00 1.00 1.00 1.00 
219 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00 1.00 0.00 0.00 0.00 0 .00 0.00 

1570 221 0.00 0.00 0.00 0.00 0.00 0.20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
223 0.00 0.00 0.00 0.00 0.00 0.80 0.72 1.00 1.00 0.00 0.00 0.00 0.00 0.00 
225 0.02 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
233 0.00 0.00 0.00 0.00 0.00 0.00 0 .00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 
235 0.98 0.97 1.00 1.00 1.00 0.00 0 .00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
241 0.00 0.00 0.00 0 .00 0.00 0.00 0.28 0.00 0.00 0.00 1.00 1.00 1.00 0.00 
243 0.00 0.00 0.00 0.00 0.00 0.00 0 .00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 

1670 344 0.00 0.00 0 .00 0.00 0 .00 0.00 0 .28 0.00 1.00 0.00 0.97 0.00 0. 15 1.00 
347 1.00 1.00 1.00 1.00 1.00 1.00 0 .72 1.00 0.00 1.00 0.03 1.00 0.85 0.00 

1712 230 0 .00 0.00 0.00 0.00 0.00 0.00 0.43 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
232 1.00 1.00 1.00 1.00 1.00 0.77 0.57 1.00 1.00 1.00 1.00 0.00 1.00 0.00 
234 0.00 0.00 0.00 0.00 0.00 0.23 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
236 0.00 0.00 0.00 0 .00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00 1.00 

2032 184 0.00 0 .00 0.00 0.00 0.00 1.00 1.00 1.00 1.00 1.00 0.00 0.00 0.00 1.00 
186 1.00 1.00 1.00 1.00 1.00 0.00 0.00 0.00 0.00 0.00 1.00 1.00 1.00 0.00 

2846 205 0.00 0.00 0.00 0.00 0.00 0. 10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
222 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 
224 0.00 0.00 0.00 0.00 0.00 0.55 0.70 1.00 0.00 1.00 0.00 1.00 1.00 1.00 
226 1.00 1.00 1.00 1.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
230 0.00 0.00 0.00 0.00 0.00 0.00 0.30 0.00 1.00 0.00 0.00 0.00 0.00 0.00 
234 0.00 0.00 0.00 0.00 0.00 0.35 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 



.-\llclc 
Lon1.-. S ize TN-L TN-T TN-G TN-D TN-A I A L- E A L - W AL-S A L-Y I GA- I-I G A- M G A-C C A -CC c ,, -P 

( h f!.) 

78 0 9 I 8.::! 0 .00 0.00 0.05 0 .00 0 .00 I 0 .63 0 .57 0 .00 0.00 \ 0.00 0 .00 0 .00 0 .58 ().()() 

18 5 1.00 1.00 0 .95 1. 00 1.00 0.37 0.43 1.00 1.00 1.00 1.00 I .00 0 .42 I . 00 
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