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MO DAU

1. Tinh cép thiét ciia ludn dn

Tin sinh lién quan t6i nhitng cong nghé sir dung may tinh dé luu tri,
truy xut va phan tich cac thong tin lién quan tdi cac dai phan tir sinh hoc:
DNA, RNA va protein. Tin sinh hoc dang thu hut duoc nhiéu quan tim caa
cong déng khoa hoc va cac nha dau tu do kha nang mang lai su tién bo vé
khoa hoc va hiéu qua kinh té thong qua viéc thuc day su phat trién cong
nghé sinh hoc va tmg dung trong y té, néng nghiép va cac linh vuc khac.

Nhiéu khai niém co ban trong tin sinh nhu sap hang chudi, tim kiém
chudi tuwong dong va xdy dung cay tién hoa déu c6 lién hé tdi tién hoa.
Hon nita, nhitng budc tién cong nghé sinh hoc ‘cho phép thu duoc trinh
tu cua ca bo gen hoan chinh da va dang cung cap ngudn dit liéu méi, vo
cung phong phu cho cac nghién ciru vé tién hoa & miac do toan bo gen.
Piéu nay dat ra doi hoi phat trién cac phuong phap moi dé c6 thé phan
tich quan hé tién hoa trén cac bd dir 1iéu nhiéu chudi va dir liéu ¢ muc
b gen nay.

Dud1 goc nhin théng ke, xdy dung cay tién hoa la bai toan uoc lugng
tham s thong ké. Ta uoc lugng cay tién hoa tir mau gém cac phan tir 1a
cac vi tri trén sap hang. Do do, de két qua co ¥ nghia thi phai ¢6 d¢ tin
cay di kém. Lam bootstrap cay tién hoa la ki thuat pho bién dé xac dinh
d6 tin cdy cay tién hoa. Ki thuat nay duoc phat trién tir ki thuat bootstrap
cua théng ké phuc vu viéc xac dinh bién thién cta mot ude luong béng
thuc nghiém. Lam bootstrap cay tién hoa thuong dugc tién hanh ngay
sau xay dung cay tién hoa vai cac budc sau: Vi dir lieu vao la Sap hang
goc m Vi tri, trudc tién, ta lay mau c6 hoan lai céac vi tri trén sap hang
goc dung m lan nhiam tao mot sap hang bootstrap co kich thude giong
hét siap hang gbdc. Thong thuong, 100 hoic 1000 sap hang bootstrap
duoc tao ra theo cich nay. Ta xdy dung ciy tién hoa cho mdi sap hang
bootstrap, goi la cay bootstrap, theo cung cach da xay dyng cay tlen hoa
cho sap hang gbc. Voi mdi canh cia cay xay dung trén sap hang gbc, gia
tri hd trg bootstrap ciia ndé duogc tinh bang ty 18 cdy bootstrap cé chira
canh do.

Lam bootstrap cay tién hoa theo luge do chuan néi trén ¢ mot sd han
ché 16n la:

- Bootstrap chuén tiéu ton rat nhiéu thoi gian. Van dé tré nén nghiém

trong dic biét véi su ra doi cta cac cong nghé giai trinh tu thé hé tiép
theo cho phép tao ra nhitng bo dir liéu khéng 16.



- Mot van dé khac 1a do chinh xac bootstrap: gia tri hd tro bootstrap ma
tiép can bootstrap chuan gan cho timg canh cua cay cho udc luong
thap hon xé4c suat dung (trc xac suat thudc vé ciy dung) cua canh.

- Riéng voi cac phuong phap xay dung cay theo tiéu chuan hop 1y nhat
(maximum likelihood - ML), con ¢6 cac van dé vé anh hudng cia vi
pham gia thiét mo hinh (vi pham mo hinh) va hién tugng da phan tdi
d6 chinh xéac bootstrap.

2. Muc tiéu cua ludn dan

1) Nghién ciru phuong phap chuéan va cac phuong phap xap xi da co cho
bootstrap cdy tién hoa ML, tir d6 dé xuit phuong phap giai quyét tot
hon tung thach thic cua bai toan: thoi gian chay, do chinh xac, anh
hudng ctia vi pham mdé hinh va hién tugong da phan, mé rong cho dir
li¢u bo gen.

2) Nghién ctru phuong phap chuan cho bootstrap cay tién hoa theo ticu
chuan tiét kiém nhat (maximum parsimony - MP), tir d6 dé xuét
phuong phap x4p xi méi hiéu qua cho bai toan.

3) Cai dit cac phuong phap dé xuat cho bootstrap cay tién héa ML va
bootstrap cay tién hoa MP dé phuc vu nhu cau cta cac nha khoa hoc
phan tich ciy tién hoa.

3. Cac dong gop cua ludn dan

Trong ludn 4n nay, véi bai toan bootstrap ciy tién héa ML, chung toi dé

xuat phuong phap UFBoot2 dua trén phuong phap UFBoot (Minh et al.
2013) v6i 4 cai tién quan trong. UFBoot2 cai thién dang ké téc do va do
chinh xac cua gia tri bootstrap so vd1 UFBoot. Hon nita, UFBoot2 c6 cac
cai tién dé xir 1y dinh da phan tot hon, giam anh huong cua vi pham mo
hinh va mé rong dé phan tich sép hang céc by gen. Vi bai toan bootstrap
cdy tién héa MP, luan an dé xuat phuong phap mé1 MPBoot dé xap xi
nhanh bootstrap chuan. MPBoot dugc phat trién tir y tuong cua UFBoot
v6i cac diéu chinh quan trong dé phu hop véi tiéu chuan tiét kiém nhat:
tinh todn hiéu qua diém MP cho cay trén sip hang bootstrap, cac k¥ thuat
phtic tap hon cho tim kiém cdy nhu cat va ghép cay con (SPR), ratchet va
buéc tinh chinh cac cdy bootstrap (mg vién. Chung t6i da két hop véi
Trung tdm Tin sinh Tich hop Vienna, Cong hoa Ao phat trién va tich hop
UFBoot2 vao hé thong mi ngudn ma tét nhat hién nay cho phan tich cay
tién hoa theo tiéu chuan hop 1y nhat IQ-TREE; va phat trién phan mém ma
nguén md MPBoot cai dit phwong phap MPBoot.

Cac két qua cua luin an da dugc cong bd trong 2 bai bao & tap chi SCI

quéc té va 1 bao cdo ¢ hoi nghi qudc té.

4. Bé cuc ciia lugn dn



Ngoai phﬁn két luan, luan an duoc td chire nhu sau.

Chuwong 1 gi6i thiéu cac khai niém co ban trong phan tich ciy tién hoa
dua trén dir liéu sinh hoc phén tr, phwong phap bootstrap trong théng ké
va phat biéu bai toan lam bootstrap cay tién hoa.

Chuong 2 dé xuat thuat toan pruning nhanh trong truong hop mo hinh
tién hoa co tinh thuan nghich thoi gian; sau do dé xuat phuong phap
UFBoot2 dé x4p xi nhanh bootstrap cdy tién héa ML. Cubi chuong trinh
bay thiét ké thuc nghiém va két qua.

Chwong 3 dé cip toi cac van dé vé dir liéu va mdé hinh ma UFBoot
khong hd trg. Tir d6, dé xuét ba cai tién quan trong: (i) cai tién dé xir Iy
cac dinh da phan (ii) cai tién dé giam anh huong cta vi pham m6 hinh va
(iii) cai tién mé rong dé phan tich sap hang nhicéu gen. Cudi chuong trinh
bay thiét ké thuc nghiém va két qua.

Chuong 4 d¢ xuit mot phuong phap méi (MPBoot) de tim kiém hiéu
qua cay MP, dong thoi xap xi hi€u qua bootstrap cay tién héa MP. Cudi
chuong trinh bay thiét ké thuc nghiém va két qua.

Chwong 1 BAl TOAN BOOTSTRAP CAY TIEN HOA
1.1 Mgt 56 khdi niém co bdn trong tién héa phén tiv
1.1.1 Théng tin di truyén

Kicu hinh cta sinh vt song ludn 14 két qua cua thong tin di truyén (ma
sinh vat mang va truyen cho thé hé ké tlep) va tuong tac vo1 moi truong.
Vi vay, dé nghién ciru ve tién hoa, ta can tim hiéu vé blen d6i trong thong
tin di truyén cuia sinh vat. Phan nay trinh bay mot sé khai niém co ban
trong sinh hoc phan to (b0 gen, DNA, RNA, protein) va quan hé giira
chung.

1.1.2 Sap hang da chubi

Sap hang da chudi co thé dugc hiéu nhu mdt ma tran cac phan tir sinh
hoc. Trong d6 modi hang chinh 13 mdt chudi phan tir sinh hoc con mdi cot
chira cac phan ttr sinh hoc twong dong ciia cac chudi. Mdi cot dugce goi 1a
mot vi tri. Tir sap hang da chudi, cic chudi twong dong co thé st dung dé
phan tich cay tién hoa giup danh gid ngudn gdc tién héa cua cac chudi.
1.1.3 Cay tién hoa

Cay tién hoa 12 mot dang so d6 phan nhanh thé hién méi quan hé tién
hoa giita cac loai (cling c6 thé md rong cho cac ca thé hay cac gen) dua
trén sy tuong dong va khac biét vé dic diém di truyén. Cac lodi dua vao
phan tich quan hé tién hoa duoc cho 1a c6 mot to tién chung.

M&bi quan hé tién hoa gitta cac loai thuong dugc biéu dién boi mot ciy
nhi phan véi cau tric nhu sau: mdi dinh 14 cua cay biéu dién mot loai hién
tai (cho boi dit liéu vao); mdi dinh trong cua cay biéu dién mot loai t6 tién
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(ta khong c6 thong tin Ve cac loai to tién); mot canh cua cay ndi hai dinh
clia ciy va biéu dlen mdi quan hé truc tiép gitra hai loai ¢ hai dinh cua cay;
d6 dai cua canh ndi hai loai trén cdy cho biét khoang cach tién hoa giita
ching. Khoang cach tién héa nay cé thé dugc biéu dién bang thoi gian,
hay sd luong cac bién doi nucleotide/axit amin giira hai chudi DNA/axit
amin duoc str dung dé so sanh hai loai.

Ta thuong khong co thong tin vé cac loai t6 tién, cho nén khong xac
dinh dugc chinh xac goc cua cay tién hoa. Chinh vi vy, cay tién hoa
thuong duoc bleu dién bang mot cdy nhi phan khong goc. Sau do, khi co
thém thong tin tién hoa, ta s& dung mot ki thuat dinh goc, vi du ki thuat
dinh gdc bang mot loai khac xa véi nhom loai dang xét (outgroup rooting).
1.1.4 Xay dwng ciy tién hoa

Cay tién hoa khong quan sat truc tiép duoc ma phai suy luén tur chu01
hodc cac dir liéu khac. Cac phuong phap xay dung cay tién hoa duge xép
vao hai huéng tiép can: dya trén khoang cach (cac phuong phap khoang
cach) hodc dua trén ky tu (cac phuong phap tiém nhat —-MP , cac phuong
phap hop 1y nhat - ML, cac phuong phap suy luan Bayesmn) Lu2n an sé
tap trung vao xay dung ciy tién hoéa theo MP va ML do do phd dung cao
cua chung.
1.1.4.1 Tiéu chuan tiét kiém nhat (maximum parsimony — MP)

Phuong phap MP tinh s luong bién doi cuc tiéu trén mot cdy tién hoa
bang cach gan cac trang thai ky tu cho cac dinh trong cua cay. Chiéu dai
ky tu (hodc vi tri) 1a s0 lugng bién d6i t6i thiéu can thlet cho vi tri do.
Piém MP cua cay la tong cac chiéu dai ky tu tinh trén tat ca cac vi tri. Cay
MP 14 cay c6 diém MP nho nhat.
1.1.4.2 Tiéu chuan hop ly nhat (maximum likelihood — ML)

DPé udc luong cay tién hoa theo ML can hai budc t6i vu: tdi vu do dai
cac canh dé tinh diém cay cho mdi cdy tmg vién va duyét tim kiém trong
khong gian ciy dé thu dugc cay lam cyuc dai ham likelihood. Suy luan cay
theo ML tuong duong véi viéc so sanh nhiéu gia thuyét thong ké co cung
s6 luong tham sb.
1.1.4.3 Mot s6 ki thuat bién doi cuc b trén cay dung trong xay dwng cay tién hda

Hoan-d6i-canh (branch-swapping) 1a mot 16p cac ki thuat dung dé cai
thién 101 giai trong cac thuat toan xay dung cay tién hoa c6 lién quan t6i
viéc x40 tron cu trac cay. Ba ki thuat hoan-ddi-canh tir don gian nhat dén
phtrcc tap nhat 1a: (i) hoan d6i hang x6m gan nhat (nearest-neighbor
interchange - NNI), (ii) ciat va ghép cay con (subtree pruning and
regrafting - SPR) va (iii) chat d6i va ndi lai (tree bisection and
reconnection - TBR).



1.1.5 Mo hinh tién héa

Tat ca cac phuong phap phan tich quan hé tién hoa dua trén mo hinh
(trong d6 c6 cac phuong phap ML) déu gia thiét rang bién doi tién hoa cua
mot ki tu (nucleotide hay axit amin) tuan theo xich Markov thoi gian lién
tuc véi tap trang thai € chinh 12 tap céc trang thai ki ty. Phan nay s& trinh
bay cac cong thac vai mo hinh bién doi nucleotide (€ = {4, C, G, T}); céng
thirc cho mo hinh bién d6i axit amin (€ la tap cac axit amin) hoat dong
tuong tu.
1.1.5.1 Ma tran téc dd bién dai tirc thi

Tam diém cua xich Markov thoi gian lién tuc 1a mot ma tran Q (trir
nhitng 6 nam trén duong chéo) ctia toc d6 bién doi tirc thi tir mot trang thai
ki tu sang mot trang thai ki tu khac. Cac 6 duong chéo duogc tinh theo cac
6 cung hang dé dam bao tong hang bang 0. Trong Hinh 1.4, cac hang sap
theo tht tw A,C,G,T. my, ¢, Mg, mr & tan suat cua cac nucleotide. Dai
luong p la trung binh toc d6 bién ddi tic thi. Trong tinh toan, Q duoc
chuan hoa dé u = 1. Khi ay, do dai canh cua cay tién hoa 1 trung binh sb
luong bién ddi nucleotide trén vi tri sap hang.

A C

G T
—(an¢ + brg + cmy) an brg CTy
. _ gmy —(gm, +dng + eny) dmg eny
Q= (q”) - < h, i —(hmy + ing + frg) frr >”
Jjmy, km. Img —(my + km + lnG)

Hinh 1.1. Ma tran toc dd bién ddi tic thi Q cho mé hinh bién doi
nucleotide.

Trong Chuong 2, luan an s& khao sat mot 16p cu thé hon ctia md hinh
bién d6i nucleotide goi la cac moé hinh c6 tinh thuan nghich thoi gian
(time-reversible), titca = g,b = h,c=j,d=i,e=k,f = L.

Khi biét Q ta c6 thé tinh xac suat chuyén tir trang thai ki tu nay sang
trang thai ki tu khac trong thoi gian tién hoa t bang cach tinh ham mii ma
tran:

P(t) = e (1.1)

Ma tran x&c suat chuyén trang thai P(t) chinh 1a chia khoa dé tinh
likelihood trong cac phuwong phap xay dung cay tién hoa theo ML.
1.1.5.2 M6t s6 mé hinh bién déi nucleotide
Bang 1.3 liét ké cac m6 hinh bién d6i nucleotide dién hinh thugc 16p thuan
nghich thoi gian. Ta nhan thiy GTR 1a mé hinh téng quat nhét véi 8 tham
s6 tu do. JC69 1a mé hinh don gian nhét, nd khong chira mgt tham s6 tu do
nao.
1.1.5.3 Tinh khdng déng nhat cha téc d6 bién ddi gitra cac vi tri trén trinh tw

Thuc té, toc do bién d6i nucleotide co thé khac biét dang ké & cac vi tri
khac nhau trén trinh tu. Dé tinh t6i tinh hubng nay, nguoi ta dua vao mot
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mo hinh hop 1y cho phan bd ctia toc do theo vi tri. Tiép can pho bién nhat
la dung phan bé gamma (T) véi ki vong bang 1.0 va phuong sai bang 1/«,
tir d6 ¢6 cac mo hinh JC69 + ', HKY85 + I' hay GTR + I ¢6 nhiéu hon 1
tham s6 tu do so vai mé hinh goc (tham s6 a).

1.1.6 Gi¢ithiéu phwong phap bootstrap trong thong ké

Bootstrap 14 ki thuit trong thong ké dé wdc luong theo cach thuc
nghiém muc do bién thién ctia mot udc luong. N6 léy mau c6 hoan lai tir
mau ban dau dé tao ra mot mau hu ciu cé cung kich thudc.

Gia sir mau goc ¢ m diém dir liéu (xq, x5, ..., X;,) duoc sinh doc 1ap
tir phan b6 F(6) phu thudc vao tham sé 6. Tir miu gbc ta tinh duge ude
lvong 6 = t(x1,Xy, ..., X;n) cho tham s6 6. Ta muon bict mic d bién
thién cua phan bd cua uéc luong nay. Viéc ndy truge khi phuong phap
bootstrap ra doi 1a khdng thé thuc hién duoc néu phan bd F chua biét hoic
ham uéc luong t(x) phitc tap vé mit toan hoc. Bootstrap suy luan ra bién
thién nay bang cach st dung mau goc, théng qua viéc sinh cdc mau mai
khong phai tir F ma tir phan bd thuc nghiém F cho cac diém di liéu trén
mau goc. Sinh mdt mau cing ¢& m tir phan bd thuc nghiém ciing gidng
nhu ldy mdt mau cac diém (x3,x3, ..., x,,) tir chinh miu gdc. Mau nay
duoc goi 1a ban sao bootstrap x*. Ttur ban sao ta cling tinh dugc wdc luong
cho tham s6 8% = t(x*). Bé thay mirc do bién thién cua cac udc luong cho
6, ta chi can sinh that nhiéu ban sao bootstrap va lam udc lugng trén do.
Céac nghién ctru da chi ra rang, m 16n va lam bootstrap véi sd luong 16n
ban sao sé& cho bién thién chinh xac cta 8 .

1.2 Bai todn bootstrap cdy tién héa

1.2.1 Phat biéu bai toan

Dir liéu vao: D liéu dau vao 1a mot sap hang cua n chudi caa cac phan to
sinh hoc (chudi nucleotide/axit amin/codon), mdi chudi ¢ m vi tri (ky tw),
sau day goi 1a sap hang gdc. Vi phan tich ML, dit liéu vao c6 thém mo
hinh tién hoa.

Bai toan: Lap lai B l1an viéc sinh sap hang bootstrap c6 kich thudc giéng
hét sap hang mau bang cach lay mau cé hoan lai cc vi tri cua sip hang
goc ta thu duoC B sap hang bootstrap. Xay dung cay tién hoa cho sip hang
gbc va cho ting sap hang bootstrap. Do ¢6 nhiéu phuong phap khac nhau
cho két qua voi do chinh xac cling nhu thot gian thuc hién khac nhau,
ching ta can dé xuit cac phuong phap cho két qua chinh xac véi thoi gian
thue hién thap nhat co thé.

Dir liéu ra: Cay tién hoa cho sap hang gbc co gan gia tri hd trg bootstrap
cho modi canh.



Minh hoa luge d6 cua tiép can bootstrap chuan cay tién héa (standard
bootstrap hay SBS) dugc minh hoa trong Hinh 1.6.

1.2.2 Cac tiéu chi danh gia mot phwong phap bootstrap ciy tién héa

1.2.2.1 Panh gia thoi gian chay

1.2.2.2 Panh gia do chinh xac

D¢ chinh xédc cua mét phuong phap, Z, dugc dinh nghia béi fz(x), 1a ty
1é cua s6 canh cO mit trong cay dung trong s6 tat ca cac canh co gié tri hd
trg bootstrap x% (dém trén tat ca cac cdy xay dung dugc). fz(x) phan anh
X4c suat mot canh véi gia tri hd tro bootstrap x% 1a mot canh dung.
Phuong phap Z dugc goi 1a khong chéch néu fz(x) = x% cho tat ca céac
gia tri cua x (trén d6 thi day chinh 1a dudng chéo). Néu duong cong cia
fz (x) nam phia trén duong chéo, thi phuong phap bootstrap cho udc lugng
thap hon x4c suit dang cua canh (nghla la phuong phap nay bao thu).
Nguoc lai (duong cong cho f;(x) nam bén dudi duong chéo), phuong
phap cho wdc lugng cao hon xac sudt dung cua canh (nghia 13 phuong
phap nay lac quan).

Viéc khao sat d6 chinh xac ctia phuong phap bootstrap Z ¢6 thé duogc
thuc hi¢n thong qua thuc nghiém mo phong.
1.2.2.3 Cac tiéu chi khac

a) Panh gid dnh huéng cia vi pham gia thiét mé hinh tién héa

Ta gia st dit liéu sdp hang dd duogc sinh tir mot cy tién hoa dung Tdine
theo mot mo hinh tién hoa dung M, Khi x4y dung cay tién hoa theo tiéu
chuan hop 1y nhat, mot trong nhitng budc dau tién 1a xac dinh mé hinh tién
héa M. Khi mdé hinh M dugc chon 1a khac M€, ta goi n6 1a moé hinh vi
pham gia thiét. Viéc khao sat anh huéng ctia mo hinh tién hoéa sai c6 thé
dugc thyc hién thong qua thuc nghiém mé phong.

b) Panh gia anh huong cua hién teong da phan (polytomy)

Cac phuong phap xay dung cay tién hoa chi duyét cac cay co cAu tric
nhi phan (nghia 1d mdi dinh trong ludn két ndi véi ba canh khac). Poi khi,
dir liéu dau vao khong cho ta d thong tin tién hoa, dan dén viée biéu dién
t6t nhat lai 13 mot cdy c6 chta dinh da phan. Nhimg dinh nay goi 1a
polytomy. Cac phuong phap khac nhau cho két qua khac nhau khi tim
dang nhi phan cho dinh da phan nay. Viéc khao sat anh huong cua hién
tugng da phan ¢ thé duoc thuc hién théng qua thyc nghiém mé phong.

1.3 Cdc nghién ciru bootstrap cady tién héa

Tén nhiéu thoi gian chay 13 nat thit 16n nhat cta phan tich bootstrap cay
tién hoa. Van dé trd nén nghiém trong hon véi phan tich dya trén ML béi
tinh toan likehood tén kém va boi xay dung cdy tién hoa theo ML thudc
16p bai toan NP-kho. Luan an khong tim hiéu duoc cong trinh ndo nghién
clru xap xi bootstrap cay tién hoa theo MP nhung lai c6 kha nhiéu cong
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trinh nghién ctu xdp xi bootstrap ciy tién hoéa theo ML). Trong do,
UFBoot (Minh et al. 2013) 1a phuong phap méi va vuot trdi vé toc do so
voi cac phuong phap khac. Ngoai uu diém vé thoi gian chay, UFBoot cho
udc luong sat véi xac suat dang cia canh khi mo hinh ding hoic vi _pham
it. Hon ntra, UFBoot cai dét trong h¢ théng IQ-TREE ¢6 ma nguon mo
mién phi dé cac nha nghién ctru quan tim c6 thé tham gia cing phat trién.

Chwong 2 PHUONG PHAP UFBOOT2 CHO BAI TOAN BOOTSTRAP CAY
TIEN HOA THEO TIEU CHUAN HOP LY NHAT

2.1 Bootstrap cay tién héa theo tiéu chudn hop Iy nhit
Trong bootstrap cay tién hoa theo tiéu chuan hop 1y nhat, viéc duyét tim
cay tot nhat cho sap hang goc va viéc duygt tim tap cay bootstrap (hay tap
hop cac cay t6t nhat cho ting sap hang bootstrap) déu sir dung tiéu chuan
hop 1y nhat.

XAy dung cAy tién hoa theo tiéu chuan hop 1y nhat
Goi A = (X4, ..., X,,) 1a mot déng hang gom n chudi voi d6 dai m; M 1a
md hinh tién héa. Chlng ta can xay dung mot cay tién héa T sao cho T ¢6
thé giai thich mot cach hop 1y nhat qué trinh bién dbi thanh céc chudi trong
A theo cay T va mé hinh bién doi M. Gia tri hop ly L(T|A, M) cua cay T
dé giai thich sap hang A vai mé hinh tién héa M dugc tinh theo cong thuc
Sau.

L(T|A, M) = P(A|T, M)

trong d6 P(A|T, M) la xac suat dé quan sat dugc dir liéu A véi diéu kién
cay T va md hinh bién d6i M 1a ding.
Pé khong bi mat mat thong tin khi tinh toan trén cac s bé, thay vi tinh
likelihood, nguoi ta thuong tinh log-likelihood cua cay. Ki hiéu log-
likelihood ctia cdy tinh trén ca sap hang 1a £(T|A), tinh trén vi tri j cua sap
hang 1a ¢(T|4;). Taco:

2(T|A) = z o(714)) 2.1)

Xay dung cdy tién hoa theo tiéu chuan hop 1y cuc dai (ML) 1a tim cay T*
dé £(T*|A) dat gia tri lon nhat. Duyét tat ca cac cay tién hoa (cau tric phan
nhanh + d dai cac canh) dé tim ra cay tot nhat theo tiéu chuan cuc dai hop
ly mot bai toan kho va phuec tap, n6 thudc 16p céac bai toan NP-kho.



2.2 Xdp xi nhanh bootstrap cdy tién héa theo tiéu chuin ML: Thugt

toan UFBoot
2.2.1 Tém taty twong

Y tuéng chinh ctia UFBoot (Minh et al. 2013) (Thuat toan 2.1) la giir lai
cac cay duyét khi thuc hién tim kiém trén sip hang goc va dung ching dé
tinh likelihood cho céac sap hang bootstrap. Pé ting téc do tinh toan
likelihood hon nita ddi véi cac sap hang bootstrap, UFBoot str dung chién
luge resampling estimated log-likelihood (RELL). Péi v6i mdi sap hang
bootstrap cdy c6 diém RELL cao nhat (RELL- tree) biéu thi cdy ML-
bootstrap. Trai nguoc véi SBS, UFBoot khong toi uu cdy nay. Su khéc
biét gitta UFBoot va SBS trong gia tri hd trg bootstrap gan cho cac canh 1a

do UFBoot va SBS chon cay bootstrap theo cach khac nhau.
2.2.2 Céng thirc RELL

Ki hiéu A%%t¢ 13 sép hang géc ctia n chudi va m vi tri; cac vi tri nay duoc
nhom thanh cic mau-vi tri D, D,,...,D; voi tin suét tuong ung la
dy,dy, ..., dj.. Diém log-likelihood cho cau trac cAy T khi biét A4%¢ duge
tinh bo1 cong thic:

£(T|A%te) = z #(TIDy) % d; (2.2)

trong d6 £(T|D;) 1a diém log- IIkellhOOd cho cay T tai mau-vi tri D;, dugc
tinh toan hiu qua vdi thuat toan pruning (Felsenstein 1973; Felsenstein
1981). Thuat toan ndy sé dugc trinh bay ki ¢ phan 2.3.

Vo1 mot cay T da duoc tinh diém log-likelihood tai cac mau-vi tri cla
sap hang gbc, chién lwgc RELL cho phép ta tinh xap xi diém log-
likelihood cua T trén sdp hang bootstrap AP°°tStTaP cyc nhanh chi voi
phép tinh tong:

€(T|Abootstrap) o~ ?(T|Abootstrap) — z e(TlDi) < dlpootstrap (2_3)
i=1
Trong do dfoommp 1a tan suét cta D; trong AP9°tStTaP Nhe vay, ta tranh
duogc viéc goi tdi thuat toan pruning khi tinh log-likelihood cho T tai mdi
mau-vij tri ctia APootstrap,



2.2.3 Gia ma cua thuat toan UFBoot

Thuéat toan 2.1. Thuét toan UFBoot

Dir liéu vao: Sip hang goc A% gom n chudi (taxa). M6 hinh tién hoéa M
cho phép tinh cac xac suit bién ddi trang thai trén cay.
Dir liéu ra: Cay ML xay dung cho A%4%t% duoc gan cac gia tri hd tro
bootstrap cho mdi canh.
Bit dau
1) Buéc khai dau: Tao B sip hang bootstrap, Ay, A, ..., Ag. VOi mdi
sap hang bootstrap A, khdi tao cdy bootstrap Ty: = null va diém
RELL bootstrap 2(T,|Ap): = —oo. Khai tao mot tap cay S: = {3} va
nguong log-likelihood #,,,;,, == —oo.
2) Budc kham pha: Tién hanh tim kiém ciy so dung thudt toan
IQPNNI (Vinh and von Haeseler 2004) cho sip hang goc A4%t¢
Mdi khi duyét mot cdy moi T & S théa man £(T|A44%) = £,
thém T vao S va tinh 2(T|4,), cho cac b = 1, ... , B dua trén Cong
thirc 2.4. Néu 2(T|Ap) > 2(T,|A4,), cap nhat Ty,: = T.
Khi hét mdi luot lap tim kiém cta thuat toan IQPNNI, cap nhat £,,,;,.
3) Budc tom tat: Xay dung mot cdy dong thuin tir cac cdy bootstrap
{T1,T,, ..., Tg}, hodc 4nh xa gié tri hd tro bootstrap 1én cay ML ma
IQPNNI tim dugc cho 4444,
Két thic

2.3 Tinh do hop ly (likelihood) cho mét cdy: Thudt toan pruning

2.3.1 Tinh likelihood cho mét cay theo dinh nghia

Ta s€ khdo sat viéc tinh likelihood cho mdt cay da biét do dai canh. Vi du
minh hoa viéc tinh toan cho cac chudi DNA nhung c6 thé tong quat hoa
cho tat ca cac mo hinh ki tu roi rac. Ta duge cho mét cay biét do dai canh
(Hinh 2.1) va mdt mé hinh tién héa cho phép tinh céc xac suat bién do6i
trang thai trén cdy nay, tc tinh P;;(t) (xac suat trang thai j s& ton tai ¢
diém két thic cia mot canh do dai t, néu trang thai ¢ diém bat dau cua
canh la i). Tinh toan sir dung 2 gia thiét doc lap. Theo do, viéc tinh
likelihood trén mot sap hang quy vé viéc tinh likelihood cho ciy tai mét vi
tri don I¢.

PAITI=Y D Y Y P(A4,C.C,C.6xy,ztwT) (2.4)
X y z w

mdi tong chay trén tat ca bon nucleotide.
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ta

Hinh 2.2. Mé6t cay tién hoéa
T dé& minh hoa thuidt toan
pruning va pruning nhanh.

Hinh 2.1. Cay minh hoa tinh N6 dugc dinh gbc ngau
likelihood bang dinh nghia nhién tai mét dinh trong r
chudn va bdng thudt toan véi hai dinh con truc tiép
pruning. Pinh gbc 1la x. la a va b v61i cac @6 dai

canh tuong Ung la t, va t,.

Xac suat & vé phai cia Cong thirc 2.5 c6 thé phan rd thanh mot tich cia
cac nhan tu:
P(AC,C,C,G,x,y,z,t,w|T)
= P(x)P(ylx,ts)P(Aly, t1)P(Cly, t2) (2.5)
P(z|x,tg)P(Clz,t3)P(wz, t;) P(Clw, t4)P(G|w, t5)

P(x) co thé dat bang xac suat can bang cia bazo x theo mod hinh do.
Nhitng xéac suat khac duoc tinh tir mo hinh bién d6i nucleotide. Bién d6i ¢
mdi canh ddc 1ap voi tat ca cac canh khac néu bazo ¢ diém bat dau canh éy
da xac dinh.
Cong thirc 2.6 co rat nhiéu hang tir. Voi mdi vi tri sap hang, ta tinh tong
ciia 4* = 256 hang tir. SO hang tir ting theo ham mil so voi n (s6 loai).
Trén mot cay (c6 goc) co n loai, ta c6 n — 1 dinh trong, mdi dinh trong c6
thé nhan mot trong 4 trang thai. Do do6 ta can 471 hang tu.
2.3.2 Tinh likelihood cho moét cay theo thuat toan pruning
Thuat toan pruning tinh toan hiéu qua likelihood cta cdy nho sir dung tiép
can quy hoach dong. Y tudng 1a day cac ki hiéu tong trong Cong thirc 2.5
di cang xa cang tot va nhom no trong cip ngoic khi co thé.
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P(AIT) = ) P@)| D POIx t)P(ALY, )P, &)
x y

X (Z P(z|x,tg)P(C|z,t3) (2.6)

« (Z P(wlz, t,)P(Clw, t)P(G|w, ts) ))

Viéc tinh toan theo Cong thirc 2.8 dién ra tir cip ngoac sau nhat ra ngoai.
Diéu nay goi ¥ ludng tinh toan trong ciy 13 hudng xudng gdc.
Thuat toan pruning dya trén ham likelihood riéng phan cua mot cay con, ki
higu 1a L% (s). Pay 1a xac suat ciia moi thir quan sat dugc tir nat r tré dén
cac 14, tai vi tri sap hang th{r i, v6i diéu kién 1a nat r c¢6 trang thai s. Trong
Cong thure 2.8, hang tir

P(Clw,t,)P(G|w,ts)
1a mot trong nhimg dat luong nay. Co 4 dai luong nhu vay ung voi cac gia
tri khac nhau tai dinh w. Piém mau chot cua thuat toan pruning 1a, mot khi
4 con s6 nay da duoc tinh thi ta khong can lién tuc tinh lai ching.

Thuat toan pruning tién hanh nho tinh toan dé quy ham L7 (s) tai moi
dinh trén cay theo chinh ham nay nay tai cac dinh hau dué gan nhat. Gia st
dinh r ¢6 2 hau dué gan nhat 12 a va b, 1a cac dinh két thuc ctia cac canh
cododait, vat,. Taco

Li(s) = (Z P(xls, taw;(x)) > POl t)E) @)
x y

Trudce khi bat dau tinh toan, ta khai tao likelihood riéng phan & cac dinh 14
nhu sau: néu dinh 14 c6 trang thai A thi cac gia tri L; cta dinh 14 d6 s& 1a

(L .1, (©),L; (6),L; (1)) = (1,0,0,0) (2.8)
Thuat toan bat dau tir mot dinh c6 tat ca dinh hau dué gan nhat déu la 14
(trong cdy ludn co it nhat mot dinh trong nhu vdy). Sau d6 né 1an luot tinh
cho cac dinh gan gdc hon, chi 4p dung véi cac dinh co tat ca hau dué gan
nhat di duoc tinh likelihood. Két qua 1a LY cho dinh gbc. Ta hoan thién
viée tinh likelihood cho vi tri sap hang nay bang cach tinh trung binh co6
trong s trén tat ca 4 bazo, sir dung trong so 1 xac suat tién nghiém theo
mo hinh xac suét:
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L = z e LG () (2.9)

X

Cong thirc 2.11 cho két qua gibng Coéng thirc 2.8 nhung khong ton nhiéu
chi phi tinh toan. Vi mdi vi tri sip hang thi cong thac dé quy dugc ap
dung n — 1 lan, mdi lan dé quy gom 4 lan tinh, mdi lan tinh 1 tich caa 2
hang tr, mdi hang tir 14 tong cua 4 tich. Nhu vay, voi 1 cay ¢ n 14, sap
hang ¢d m vi tri va mdi ki tu c¢6 thé nhan ¢ trang thai, thi chi phi tinh toan
ti I¢ véi m(n — 1)c?.

Y nghia ciia thuit toan pruning
Thuat toan pruning cho phep tinh nhanh likelihood cua cay, giap nhanh
chéng tim dugc do dai téi wu cia cac canh Ung vo1 mot cau trac phan
nhanh cho trudc. Véi viéc duyét tim cau tric cay t01 uu, thuat toan pruning
cho phép danh gia mot cach hiéu qua cac bién doi cau tric cuc bo.
2.4 Dé xudt thudt todn pruning nhanh
Gia sit mé hinh tién héa cua chudi 13 mo hinh Markov thuan nghich véi
ma tran toc d6 Q. Khong mat tinh tong quat, dudi day ching tdi sé trinh
bay phuong phap dé xuit cho cac chudi DNA voéi cac ky tu trang théi 1a
{A,C,G,T} va cac toc d6 1a doc 1ap va cung phan bé.
2.4.1 Phan tich thuat toan pruning cta Felsenstein
Cho truéc mot sap sap hang sap hang A véi cac vi tri Ay, ..., A, log-
likelihood cua cay T (co6 d6 dai canh) va ma tran toc do Q duoc tinh bai
cong thuec:

2(A|T,Q) = zlog(L(A T,0)) (2.10)

trong d6 L(4;|T, Q) la ||ke||h00d cho vi tri i ctia sap sap hang.

Pé thu nho chi phi tinh toan L(4;|T, Q), Felsenstein (1981) da dé xuit
thuat toan pruning. Theo d6, cay T duogc dinh gdc ngau nhién tai mot dinh
r voi hai dinh con 13 a va b. Thuat toan s& duyét dé quy cay nay dé tmh
vector likelihood riéng phan L%(x),véi x € {A,C,G,T} cho cdly con c6 gbe
tai @ (Hinh 2.2). Tuong tu, ta tlnh vector likelihood riéng phan tai dinh b:

LP(x). Cac dai luong nay s& duoc két hop lai dé tinh vector likelihood
riéng phan tai goc:

L@ = | D potdli®) || D po@)lG) CXED
y y

trong do
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(py(®) = P(t) = e®

x,y€{A,C,G,T}
1a x4c suat bién doi tir trang thai X sang trang thai y trong khoang thoi gian
tién hoa t. Luu y 1a L%(x) va L? (x) dugc tinh theo cach thic twong tu nhu
trong Cong thirc 2.13 twong ing tir cac hau dué cia a va b.
Likelihood cho vi tri sdp hang i s& dugc tinh bang:

LT, Q) = ) melf(x) (2.12)
X
v6i m, 14 tan suat can bang cua trang thai x.
Theo nguyén ly Pulley, khi Q thuan nghich, likelihood ctia mot vi tri sap
hang i nao d6 khong thay doi mién 1a t, + t, = t 1a khong d6i. N6i cach
khac, ta co thé dit t, = 0 (di chuyén r t&i a). Khi do, P(t,) = P(0) trd
thanh ma tran don vi va két hop Cong thtrc 2.13 va Cong thirc 2.14 cho ta:

LT, Q) = ) me L@ | D ey L) 213)
X
Vé co ban, thuat toan cua Felsenstein 1a thuat todn quy hoach dong. NG ¢co
d6 phuc tap thoi gian la 0(nmc?), trong d6 n, m va ¢ lan luot 1a s6 chudi,
s6 vi tri sap hang va so trang thai ky tu (dit lisu DNA thi c=4). Do phic
tap khong gian 1a O(nmc) nham luu cac vector likelihood riéng phan cho
tat ca cac dinh trong cua cay.
2.4.2 Phan tich gia tri dac trung
Trude khi giai thich vé phién ban dé xuit cho viéc cai thién toc do tinh
toan chiéu dai canh, ludn 4n s& bit dau voi mét dic diém cu thé cta ma
tran toc d6 thuan nghich va dang bién doi twong tu ctia né.
Goi Q 13 ma tran téc dd ctia mo hinh thuin nghlch th01 gian tong quat va
I1 = diag(my, o, g, mr) 1a ma tran chéo cuia tan suat trang thai cAn bang.
Ta co, ma tran
Ql — Hl/Z ) Q ) H—1/2
1a d6i xtng véi cac gia tri dic trung thuc va cac vector dic trung thuc.
Ngoai ra, ta c6 thé tinh mot ma tran truc giao W tir cac vector dic trung
cua Q, sao cho
A=WT-Q,-W,voiWT -W =1 = diag(1,1,1,1).
A la ma tran chéo véi cac gia tri dac trung cua Q4 (va cling la cua Q).
Ta thu duoc
A=WT'I71/2'Q' =12 .w
Do tinh két hop ctia phép nhan ma tran
wT.nqi/z.q=12.w =1.
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Do @6, Ut =WT- -2 vaU=1"Y%2-W ; véi U la ma tran cua cac
vector dac trung cua Q.
Uyy = ny\/— and uy,, = Wyx /\/_ Vi wy;, = wy, ta thu dugc

uxy = Ty Uyy (2.14)
Cong thuc 2.16 s€ dugc dung vé sau.
2.4.3 Tang toc wéc lwong do dai canh
Pé tinh £(A|T, Q), ta can udc lugng do dai tat ca cac canh cua T. Viée nay
chiém hau hét thoi gian chay. O dy, ta duyét cdy dé t6i uu mdi lan mot
canh, chang han bang phuong phap Newton-Raphson (Olsen et al. 1994).
Duyét cay duoc lap lai to1 khi log-likelihood hoi tu. Do do, mot thao tac
pho bién 1a tinh £(A|T, Q) khi biét canh (a, b) n01 dinh a Va b c6 df dai t.
Boi Cong thirc 2.15 dugc ap dung lip lai khi t6i vu t, ta can tinh sin céac
vector likelihood riéng phan L¢(.) va L?(.) dé tiét kiém tinh toan. Chi phi
tinh toan cho Cong thic 2.15 1a mc? véi mot d6 dai t cho truge. O phan
sau ddy, luan an trinh bay ki thuat dé giam chi phi nay thanh mec, tac 1a
nhanh hon c 1an phién ban thuan tay ctia Cong thirc 2.15.
Nhu d3 bién d6i ¢ phan trude:

Q=U-A-U"L
Do do,
P(t) =e?t =U-e4-U"L

et 1a ma tran chéo cua cac ham mii cua gia tri dic trung. Noi cach khéc,
ta co:

Pxy () = z uxze)'zt uZ__’)} (2.15)

zZ
vé&i moi trang thai x va y, trong d6 u,, va uzy 1a cac phan tir ctia ma tran

cac vector dic trung U va U~'. Thay vé phai cua Cong thic 2.17 vao
Cong thuc 2.15 ta duogc

LT, Q) = ) m 10| D Y uget ul b () |
: 4

Sap xép lai cac thanh phan trong cong thirc dé co thé rit gon bang
T, Uy, = Usx (Cong thirc 2.16), ta duoc:

LT, Q) = ) et (Z u;,clLi-‘(x)) D u) 216)

z X y
Ki hiéu 2 tong trong ngodc tron cia Cong thie 2.18 12 VA(z) va VP (2), ta
co:
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LT, Q) = ) e VE@V () 217)

Z

So sanh Cong thirc 2.15 va Cong thirc 2.19, ta thiy da rat gon tir 2 phép
tong 16ng nhau thanh chi 1 phép tong, nho viéc luu trit 2 vector V4(z) va
V2 (2) thay cho cac vector likelihood riéng phan L%(x) va L?(x). Chi phi
tinh toan cac vector V tén gap ddi chi phi cho cac vector likelihood riéng
phﬁn, nhung bu lai, viéc udc luong d6 dai canh st dung Cong thuc 2.19
nhanh hon ¢ 1an sir dung Cong thuc 2.15.

2.4.4 Thuit toan pruning nhanh dé xuat

Thuat toan 2.2. Thuat toan pruning nhanh

Dir liéu vao: Sap hang goc A%4t¢ gom n chudi (taxa); moé hinh tién hoa;
cay T c6 dg dai canh; canh (a,b) can toi wu d6 dai canh

Dir liéu ra: Cay T co canh (a,b) d3 duogc toi wu va log-likelihood twong
ung cho cay

Bit dau

1) Thuc hién duyét cay theo thir thu sau dé tinh céc vector V cho tit
ca cac dinh dua trén cac vector V cua hau du¢ st dung Cong thirc
2.20 va Cong thirc 2.21. Chi phi tinh toan cta phan nay gap doi
chi phi cho viéc tinh céc vector likelihood riéng phan bang Cong
thirc 2.13.

2) Van dung Cong thtrc 2.19 dé udc luong d6 dai cho canh (a,b) bat
ki biét rang V;* va V> da dugc tinh truée d6. Chi phi tinh toan
ciia phan ndy nhanh hon 4, 20 va 61 lan so véi viéc st dung
Cong thuc 2.15 tuong Gng trén cac moé hinh DNA, protein va
codon.

Két thic

Thuat toan pruning moi s€ tinh va luu V thay cho viéc luu vector
likelihood riéng phan cho tung dinh trong cua cay. D€ lam viéc nay, thay
v€ phai cia Cong thirc 2.17 vao Cong thirc 2.13 cho ta:

L) = ) ugelteuzt i) || D) uetuztib ) |
y z y z

Sap xép lai cac thanh phan trong cong thirc va thay L bang V:

L7 (x) = (2 1 etetayg (z)) (Z 1y ety (z)) (2.18)

, Z .. ; zZ
Vector V cua goc dugc tinh boi cong thirc:
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Vi (z) = Z 2 L (x) (2.19)

X
Két hop cac thanh phan ndi trén v4i nhau ta c6 thuit toan pruning nhanh
(Thuét toan 2.2).
2.5 Dé xuit thudt todn UFBoot2
Chung t6i dé xuat phuong phap UFBoot2 dé x4p xi bootstrap ciy tién hoa
ML bang viéc thay thé toan bd thuat toan pruning trong UFBoot (Thuat
toan 2.1) bang thuat toan pruning nhanh (Thuit toan 2. 2). UFBoot2 da
duoc cai dat thanh cong trong hé thong IQ-TREE (ma ngudén md cung cap
tai http://www.iqtree.org).
2.5.1 Cai tié€n t6c d6 bang ki thuat tdi wu code
Ngoai cai tién vé thuat toan, ludn 4n dé xuét tan dung kha nang tinh toan
don 1énh da dit liéu (SIMD - single instruction, multiple data) cua kién trac
may tinh hién dai dé tinh toan dong thoi likelihood cho 2 vi tri sip hang
khi str dung kién triic SSE (streaming SIMD extensions) va cho 4 vi tri sip
hang khi st dung kién traic AVX (advanced vector extensions), din dén
tang tdc 1y thuyét hai 1an hodc 4 1an so véi cai dit khong st dung SIMD.
2.6 Két qua thwe nghiém
Luén an thyc hién danh gia thoi gian chay cua 70 sap hang DNA and 45
sap hang protein tir TreeBASE, truéc d6 di dugc phan tich trong Nguyen
et al. (2015). UFBoot2 nhanh hon trung binh 2.4 1an (t6i da: 77.,3) so véi
UFBoot 0.9.6.

Chwong 3 CAI TIEN UFBOOT2 XU’ LY CAC VAN BE DU LIEU VA MO
HINH

Chuong nay tip trung vao bai toan bootstrap ciy tién hoa ML va tong hop
cac két qua nghién ctru cia lun an vé cai tién kha ning xir Iy cac van dé
dir liéu va mo hinh cua phuong phap UFBoot.
3.1 Cidi tién dé xr Iy polytomy tét hon
Polytomy 1a cac dinh da phan trong cdy ma khong thé phan giai vé dang
nhi phan do khéng c6 du thong tin tién héa trong dir liéu. Tuy nhién, viéc
xay dung cdy tién hoa lai ludn gia thiét cdy c6 dang nhi phan. Khi phan
giai dinh da phan c6 thé c6 nhiéu cau trac nhi phan t6i vu ngang nhau. Vi
UFBoot (va cac cach tiép can bootstrap khac) chi luu mot cay duy nhat t6i
ru cho mdi sip hang bootstrap, nd ¢ thé gan gia tri hd tro bootstrap qua
cao cho cac canh ngén
Pé khic phuc thiéu sot nay UF Boot2 da thyc hién ky thut sau day. Thay
vi chon cay bootstrap voi dlem s6 RELL cao nhat cho mdi sip hang
bootstrap, UFBoot2 s& chon ngiu nhién mdt trong s cac cdy co diém so
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RELL khéc biét khong qué €5, (mic dinh 13 0.5) so voi RELL cao nhat.
Thuc nghiém trén dir liéu mo phong tién hoa tir cAy hinh sao (voi clng
thiét ké nhu dé xuat trong (Simmons and Norton 2014)) da chi ra rang:
UFBoot2 gidng v4i ban UFBoot gbc, né khong bao gid hd tro cac canh
khong ton tai (cac gia tri hd tro bootstrap <88%).

3.2 Cii tién dé giam danh hwéng ciia vi pham mé hinh

Minh va cong sy (2013) da chi ra rang vi pham mo hinh nhiéu sé& lam ting
gia tri h6 trg' bootstrap cua UFBoot. Dé giai quyét van dé nay UFBoot2
cung cap mot tuy chon de tién hanh mot budc bd sung khi tim kiém cay
trén sap hang goc hoan tat. Theo do, cac cay RELL tot nhat tiép tuc dugc
t61 ru nho tim kiém leo d6i dung NNI duya truc tiép trén sap hang bootstrap
tuong Gmg. Do d6, budc bod sung nay hoat dong nhu SBS, nhung 1a dang
tim kiém cdy nhanh nham tiét kiém thoi gian. Cac gia trj hd tro bootstrap
sau d6 dugc tom tit tir cac cdy bootstrap di tinh chinh t6i wu. Sau day,
chting t6i goi tiiy chon nay 1a UFBoot2+NNI, c¢6 thé duoc bat 1én khi dung
IQ-TREE thong qua tuy chon "-bnni".

Luan an thuc hién lai thuc nghi¢m véi dir licu m6 phong PANDIT (Minh
et al. 2013) dé so sanh dé chinh xdc bootstrap cua UFBoot2 va
UFBo0ot2+NNI vé6i SBS (bootstrap chuan 1000 ban sao bootstrap bang 1Q-
TREE) va RBS (sir dung tiéu chuin bootstopping ctia RAXML).

Luan an két luan rang UFBoot2 va UFBoot2+NNI 1a nhitng phuong phap
nhanh thay thé cho céc tiép can bootstrap khac. Khi mo hinh khong sai
hoic sai it, ta co thé dung cac gid tri hd tro bootstrap UFBoot2 véi ¥ nghia
khong chéch da dé xuat cho UFBoot (Minh et al. 2013). Nghia 13, ngudi
dung c6 thé tin tuong cac canh co gia tri hd tro bootstrap tir UFBoot2 >
95%. Ngudi dung nén st dung cac phuong phap phat hién vi pham mo
hinh (Goldman 1993; Weiss and von Haeseler 2003; Nguyen et al. 2011)
trwde khi lam phan tich bootstrap. Khi co kha nang cao xay ra vi pham mo
hinh so voi dir liu quan sat thi nguoi dung can str dung UFBoot2+NNL.

3.3 Cii tién mé rong de phan tich sap hang cac bg gen

Pé hd tro phan tich sap hang da chudi da gen, UFBoot2 dé xuét va thyc
hién mot s6 chién luge sinh sap hang bootstrap nhu sau: (i) ldy mau c6
hoan lai cac vi tri sap hang trong timg gen cua sap hang goc (goi 1a lay
mau theo vi tri sép hang; dugc dat lam tuy chon mac dinh trong UFBoot2),
(ii) ldy mau c6 hoan lai cac gen thay vi cac vi tri trén sip hang (goi 1a lay
mau theo gen; duoc goi thong qua tham sO dong Iénh "-bsam GENE") va
(111) lay mau c6 hoan lai cac gen va sau do tlep tuc ldy mau c6 hoan lai cac
vi tri sap hang trong mdi gen (goi 1a ldy mau theo gen-vi tri; duoc goi
thong qua tham so dong Iénh "-bsam GENESITE") (Gadagkar et al. 2005).

18



Pé khao sat anh hudng cua ba chién luoc 1ay mau, ludn an phan tich lai dir
liéu metazoan trong d6 c6 21 loai, 225 gen va tong s6 171077 vi tri amino-
acid va mé rong khao sat vai 14 bo dir liéu sinh hoc khac. Ching t6i quan
sat dugc nhitng két qua nhat quan va ca nhitng két qua khéac biét gitra cac
chién luoc léy mau. Trén mot sb bo dir lidu, co nhirng canh gf?m nhu khong
nhan duoc hd trg nao (<10%) tir mot chién luge 1y mau nhung lai c6 hd
trg cao (>95%) tir hai chién luoc 1y mau kia. Tuy nhién, khéng c6 dau
hiéu nao vé viéc mot chién luoc ludn ludn cho gia tri hd trg bootstrap thap.
Tir nhitng phat hién néi trén, luan 4n khuyén cdo nguoi ding ap dung tat
ca cac chién luge 1dy miu. Néu gia tri hd trg bootstrap thu duoc 1a tuong
tu nhau thi két qua c6 db tin cay cao hon.

Chwong 4 BE XUAT PHUONG PHAP MO1 MPBOOT XAP Xi NHANH
BOOTSTRAP CAY TIEN HOA THEO TIEU CHUAN TIET KIEM NHAT

4.1 Gioi thiéu

Bootstrap cdy tién hoa MP theo lugc d6 chudn c6 2 van dé: (i) né tiéu
t6n nhiéu thoi gian khi sé luong loai 16n; (ii) nd cho ude luong chéch vé
xé4c suat dung cia canh.
4.2 Xay dwng cdy tién héa theo tiéu chuin MP

Ki hiéu A%%% |3 sip hang cua n chudi va m vi tri c6 théng tin
parsimony. Vi tri c6 théng tin parsimony 14 vi tri c6 chira it nhat hai ky tu
trang thai. m vi tri ndy duoc nhoém thanh cac mau-vi tri Dy, D5, ..., D), voi
tan suat tuong ung la d4, d,, ..., dy. DPiém MP cho céu tric cay T khi biét
A%ate duoc tinh bdi cong thuc:

K
MP(T|Ad4te) = z MP(T|D;) x d; (3.1)
i=1

trong d6 MP(T|D;) la diém MP cho cay T tai mau-vi tri D;.

Véi mot cay T cho trudc, MP(T|D;) ¢6 thé tinh duge mot cach hidu qua
nhd thuat toan Fitch (Fitch 1971) trong truong hop chi phi bién ddi giita
cac trang thai 1a bang nhau, tirc Ma trdn chi phi déu. Trudng hop ma trin
chi phi khéng déu, ta ding thuit toan Sankoff (Sankoff 1975) dé tinh
MP(T|D;). Mot phuong phap tim kiém cay theo tiéu chuan MP c6 muc
tiéu tim mot cay c6 diém MP nhé nhat. Bai toan tim cay MP t6t nhat thudc
16p NP-day du, do d6, can sir dung cac heuristic cho tim kiém cay.
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4.3 Phwong phdp dé xudt dé xdp xi bootstrap theo tiéu chuin MP

(MPBoot)
4.3.1 Lay mau cay trén sap hang géc

Trudc tién, MPBoot tao ra mot tap cac sap hang bootstrap va sau d6 tim
kiém trén khong gian cay dya trén sap hang goc. Cac cay duoc duyét (con
goi 1a lay mau) trong qua trinh tim kiém cay nay duoc coi 1a cdy MP tiém
néng cho moi sdp hang bootstrap.

Thuat toan MPBoot tim kiém cay MP cho sip hang goc hoat dong nho
chinh sira dan dan mot tdp Gmg vién C chira cac cay toi uu cuc bd khac
nhau. Dé khoi tao tap Gmg vién C, MPBoot tao ra 100 ciy t6i uu cuc bd
theo tiéu chuan MP nhd chién lugc x4y dung ciy ting budc ngﬁu nhién
(randomized stepwise addition) (Wagner 1961) theo sau la tim kiém leo
d6i voi ki thuat SPR (Stamatakis et al. 2008). Thuét toan sap xép cac ciy
nay tang dan theo diém MP ciia ching, roi chon 5 cay phan biét dau tién
dé tao tap ung vién ban dau Trong qua trinh tim klem cay, C s€ dugc cap
nhat lién tuc véi cac cay tét hon. Piéu ndy hoan tat budc khdi dau (initial
step) cua MPBoot.

Trong budc kham pha (exploration step) tiép sau d6, MPBoot s& luan
phién gitra phép xdo tron cau tric cdy (perturbation) va phep leo d6i (hill-
climbing). Viéc nay s€ duogc lap lai nhiéu 1an nham thoat khoi cuc tri dja
phuong trong khong gian tim kiém cay.

Phép x40 trén cdu tric cdy: MPBoot trudc tién chon ngiu nhién mot
cay T, tu tap ung vién C. Sau do, T bi xao trdn theo mot trong 2 cach sau:
(i) thuc hién trao d6i ngiu nhién hang xOm gan nhat (nearest neighbor
interchange, NNI) trén 50% céc canh trong chon ngau nhién dé tao ra cdy
T™* hoac (ii) ap dung parsimony ratchet (Nixon 1999). Parsimony ratchet sé&
nhan d6i 50% cac vi tri ¢6 thong tin parsimony trén sap hang gdc dé sinh
ra mot sép hang xao tron. Sau do, ratchet thuc hi€én mot tim kiém leo doi
v6i ki thuat SPR trén sap hang x4o tron nay, bat dau tir cay T, dé tim ra
mot cay tdi wu cuc bo T*. Né6i tom lai, T* dugce tao ra béng chién luoc x40
tron cay (cac NNI ngiu nhién) hodc bang chién lugc x4o tron sap hang.

Phép leo @6i: Cay T* sau d6 dong vai tro cay ban dau cho tim kiém leo
d6i SPR dé tim ra mot cdy téi wu cuc bd T** cho A%%% Néu
MP(T**|A%%t2) nhé hon hoic bang diém MP 16n nhat trén A%%t2 cia cac
cay trong tap tng vién thi T** s& thé chd cay twong tmg trong tip Gmg vién.
Luan an goi phép leo ddi 1a thanh cong néu MP (T **|A%%*%) nho hon chat
diém MP nho nhit trén A9 cua cac cdy trong tap Gng vién. Nguoc lai,
luan an goi phep leo d6i 1a khong thanh cong, nghia 1a thuat toan di khong
tim thdy mot cay tot hon.
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Budc kham pha ap dung cac budc x40 tron theo sau 13 bude leo d6i cho
dén khi n’ (lam tron s luong chudi n 1én téi hang tram) budc tim kiém
leo d6i cubi cung déu khong thanh cong. Diéu nay cho phép tim kiém k§y
hon véi cac sap hang c6 rat nhiéu chudi. Do vay, MPBoot dung lai bo1 vi
n6 khong thé tim dugc cay tot hon. Budc kham phé hoan tat.

4.3.2 Lay mau diém MP (Resamplmg parsimony score - REPS)

Véi cay T va cac diém sd mau-vi tri MP(TID) tinh tren Adata d1ern
MP cho AP2°tstrap dygc tinh nhanh bang tong c6 trong sb cua cac diém sb
mau-vi tri:

MP(TlAbootstrap) — z MP(TlDi) < dlpootstrap (3.2)
i=1

trong do dbOOtStmp 1a sb lén duoc ldy miu ctia mau-vi tri D; khi tao
Abo"ts"ap Vi vay, khong can phai lap lai viéc tinh diém MP cho mbi
mau-vj tri, moi ban sao bootstrap va mdi cay.

4.3.3 Tang toc tinh toan REPS

pé tang tdc viéc tinh diém MP, MPBoot str dung thém hai ki thuat tdi wu
hoa thuat toan.

Thr nhét, luan an dé xuat so dung mot ngudng MP,,,,, Sao cho diém
MP tinh trén cac sap hang bootstrap sir dung Cong thirc 3.2 chi ap dung
cho nhimg cdy T, dugc tim thdy trong budc leo d6i, théa man
MP(T|A%%t) < MPyqx. Ban dau, MP,,,, = o . Sau budc leo doi dau
tién, thudt toan thiét 1ap M By qy 12 bach phan vi thu’ 90 cua phan bd diém
MP trén sap hang goc cua tat ca cac cay duyét trong budc leo doi nay.
Trong céc budc leo nui tiép theo, thuat toan chi xem xét cac cdy c6 diém
MP trén A%%'% nho hon MP,,,,. Piém MP cia nhiing ciy nay tao thanh
mot phan bd sau do6 s& duoc st dung dé cap nhat MP,,,, sau mdi budc leo
d6i nhu trén.

Thir hai, thut toan dimg viéc tinh toan REPS cho mot APO0tStrap péy ta
khong thé mong doi ring MP(T|Abo°tstrar) sg nhé hon diem MP tot nhat
tinh dén hién tai MP,,s (AP2°tStTaP) Pé lam diéu ndy, thudt toan sap xép
cac mau-vi tri D; theo diém MP giam dan dua trén cAy dau tién xay dung
duoc & budc bat dau. Biém MP nhé nhat vé mat Iy thuyét, MP,,;,,(D,),
bang s cac trang thai ky tu riéng biét c6 mat trong D; trir di 1 trong truong
hop ma tran chi phi déu. Truong hop ma tran chi phi khong déu,
MP,..,(D;) bang do dai cia cay khung nho nhat trén d6 thi chi phi. D6 thi
nay c6 cac dinh twong ung céc trang thai ky tu c6 mat trong D; va trong s6
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canh bang chi phi bién doi giira cac trang thai. Thuat toan ding viéc tinh
toan REPS néu

] k
ZMP(TlDi) X dlpootstrap + z MPmin(Di) X dlpootstrap (3-3)
i=1 i=j+1
> Mpbest(Abootstrap)

véi mot sé gia tri j (1 <j <k), boi T khong thé 1a cdy MP cho
Abootstrap.
4.3.4 Thuég toan MPBoot

Ta c6 thé tom tat toan bd hoat dong cua MPBoot nhu sau:

Thuat toan 3.1. Thuat toan MPBoot

Dir liéu vao: Sap hang gdc A2%t% gom n chudi (taxa).

Dir liéu ra: Cay MP xay dung cho sap hang goc duoc gin cac gia tri
bootstrap cho méi canh

Bit diu

4) Buéc khoi dau: Tao B siap hang bootstrap, A;, A, ..., Ag. Vi mdi
Ap khoi tao cay bootstrap Tj,: = null va MP(Ty|Ap): = +o0. Khoi
tao mot tap cac cdy S: = {} va ngudng MPB,,,,, *= +o0. Khai tao tap
rng Vién C trén A%t nhy giai thich trong Phan 3.2.1.

5) Buéc kham pha: Tir mot cay chon ngau nhién trong tap tng vién
C, thuc hién bude x40 tron theo sau 1a budc leo doi. Mdi khi duyét
mot cdy T méi thoa man MP (T|A%%¢®) < MPyq,, thém T vao S va
tinh MP(T|Ap), cho cdc b = 1, ... , B dua trén Cong thirc 3.2. Néu
MP(T|A,) < MP(Ty|Ap), cap nhat T,: = T. Khi budc leo ddi thuc
hién xong, cap nhat MP,,,, bang bach vi phan thit 90 ctia phan bo
cac diém MP cua céc ciy trong S.

6) biéu kién ding: Néu n’ budc leo doi lién tiép déu khong thanh
cong, thuc hién bude 4. Nguoc lai, quay vé budc 2.

7) Buéc tinh chinh: V&i mdi cdy MP T, (b = 1, ..., B) va sip hang
tuong ing A, , tién hanh mot luot tim kiém leo d6i dung SPR va
thay thé T}, bang cdy MP méi néu cdy méi c6 diém MP t6t hon.

8) Budc tom tit: Xdy dung mot cdy dong thuin tir cac ciy bootstrap
{T,,T,, ..., T}, hodc anh xa gia tri hd trg bootstrap 1én cay MP tot
nhat trén 494944,

Két thic

MPBoot st dung thu vién tinh toan likelihood cho phan tich tién héa
PLL d¢ tinh toan parsimony hiéu qua. Ngoai ra, tat ca cac tinh toan cot 16i
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parsimony va tinh toan REPS duoc vector hod bang cac kha nang tinh toan
don 1énh da dir liéu (SIMD) cua kién trac may tinh x86 hién dai.
4.4 Thiét ké thwe nghiém

Luan an so sanh hiéu nang cia MPBoot SPR3 va SPR6 (duoc bién dich
v6i SSE4) véi bootstrap chuan (1000 ban sao bootstrap), cai dit trong
TNT phién ban 1 .1 (thang 10 nam 2014) va PAUP * phién ban 4.0a152
(thang 1 nam 2017). Tat ca cac phuong phap luu mot va chi mot cay tot
nhat cho mdi sip hang bootstrap. Luan an so sanh cac siap hang DNA va
protein str dung ma tran chi phi déu va khong déu.

Chung t0i st dyng hai phan tich bootstrap trong TNT: fast-TNT tim
kiém nhanh trén sap hang goc va cac sap hang bootstrap. intensive-TNT
tim kiém ki trén sap hang gbc va tim kiém nhanh cac sap hang bootstrap.
Chiing t6i ciing khao sat bootstrap chuin cai dit trong PAUP* véi chién
luge gidng fast-TNT.

45 Két qua

MPBoot cho diém MP t6t hon fast-TNT va PAUP* va tuong duong véi
intensive-TNT. MPBoot SPR6 thu dugc cac gia tri bootstrap gan nhu
khong chéch bat ké loai dit liéu st dung va ma tran chi phi cu thé. MPBoot
c6 thoi gian chay it hon dang ké so vdi PAUP*.

KET LUAN

Ciing giong nhu y nghia quan trong cua thong s6 do tin cdy trong cac bai
toan wdc luong tham sé thong ké, viéc lam bootstrap cay tién hoa dé xac
dinh do tin cdy cho timg canh cua cay tién hoa xdy dung duoc 1a budc
khong thé thiéu trong phan tich cay tién hoéa. Luan 4n tap trung vao bai
toan nay cho tiéu chuan hop 1y nhat va tiéu chuan tiét kiém nhat vi day 1a
hai hudng tiéu biéu trong phan tich tién hoa phan tir. Phuong phap
bootstrap chuan c6 hai han ché chinh 1a (i) vo cung ton kém vé thoi gian
thue hién va (it) cho udc luong thap hon xac suat ding ctia canh. Su gia
tang khong ngimg vé quy mé dir liéu sinh hoc phén tir phuc vu phan tich
tién hoa dit ra doi hoi phai khac phuc cac han ché nay.

Duya trén phan tich diém manh, diém yéu cta phuong phap UFBoot xap
xi nhanh bootstrap chuan theo tiéu chuén hop 1y nhat, luan an da dé xuat
phuong phap UFBoot2 voi bon cai tién quan trong: (1) Cai tién toc do voi
dé xuat thuat toan pruning nhanh va céac ki thuat t6i uu code, nhd d6 nhanh
hon phién ban ci trung binh 2,4 lan; (ii) Cai tién dé xir 1y cac dinh da phan
t6t hon, nho d6 thé hién thanh cong trén thuc nghiém mo phong kiém tra
cay hinh sao (iii) Cai tién dé giam anh hudng ciia vi pham mé hinh , nho
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d6 cho wdc luong sat voi xac suat dang cia canh néu vi pham mé hinh
nhiéu va (iv) Cai tién md rong dé phan tich sap hang nhiéu gen.

Phong theo ¥ tuong ctia UFBoot cho ML, ludn an dd dé xuit mot
phuong phap MPBoot méi dé tim kiém hiéu qua cdy MP, dong thoi xap xi
hiéu qua bootstrap chuan theo tiéu chuan MP. MPBoot c6 thé sir dung ma
tran chi phi déu hodc khong déu. Luén an da thuc hién cac thuc nghiém
trén ca dit liéu mé phdéng va cac bo dir liéu sinh hoc 16n dé so sanh
MPBoot va cac phuong phap cai dat trong hai cong cu phan tich
parsimony t6t nhat hién nay 1a TNT va PAUP* trén cac mat: thoi gian tinh
toan, kha nang tim ra cay MP va dd chinh xac cua udc lugng bootstrap.
Xép xi bootstrap ctia MPBoot thuc hién nhanh hon bootstrap chuéan cai dat
trong PAUP* khi st dung ma tran déu; nhanh hon fast-TNT khi st dung
ma tran chi phi khéng déu. MPBoot xay dung duoc cdy MP c6 diém MP
twong dwong véi intensive-TNT. Trong khi céc ban cai dit bootstrap chuan
déu cho uwdc lugng thap Vé x4c suat ding ctua canh, MPBoot SPR6 thu
dugc cac gia tri bootstrap gan nhu khong chéch bat ké loai dit liéu str dung
va ma tran chi phi cu thé. MPBoot, do do, co thé thay thé hiéu qua cac tiép
can bootstrap chuan theo tiéu chuan MP.

Cudi cung, phuong phap UFBoot2 dé xuat trong luan an da dugc tich
hop vao hé thong IQ-TREE (dia chi website: http://www.igtree.org) la
phan mém ma nguon mo tot nhat hién nay cho phan tich cay tlen hoa theo
tiéu chuan hop 1y nhat va c6 nhiéu nguoi sir dung. Cac dé xuat vé phuong
phap méi MPBoot di duoc cai dit trong phan mém ma nguén md MPBoot
(dia chi website: http://www.cibiv.at/software/mpboot).
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