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GENERATORS FOR ABELIAN EXTENSIONS OF
NUMBER FIELDS

JA KYUNG KOO AND DONG HWA SHIN

ABSTRACT. Let U/L be a finite abelian extension of number fields. We
first construct a universal primitive generator of U over L whose relative
trace to any intermediate field F' becomes a generator of F' over L, too.
We also develop a similar argument in terms of norm. As its examples
we investigate towers of ray class fields over imaginary quadratic fields.
We further present a new method of finding a normal element for the
extension U/L.

1. INTRODUCTION

Let U/L be a finite abelian extension of number fields. If F' is an interme-
diate field of U/L, then it is also an abelian extension of L by Galois theory.
Furthermore, we have a primitive generator of F' over L by the primitive
element theorem (see also [13, Theorems 8.2 or 8.4]). In this paper we shall
first show that there exists a universal generator o of U over L for which
its relative trace Try (o) becomes a generator of F' over L (Theorem 2.2),
too. And, for a field tower

L=kh<kh<kh< - -<FE=U

we shall also construct an element § of U whose relative norm Ny, p, (6)
generates Fy over L for each index 1 < k <t (Theorem 4.2).

Let K be an imaginary quadratic field other than Q(v/—1) and Q(v/=3).
For a nonzero integral ideal f of K, we denote by Kj the ray class field of
K modulo f. Let p be an odd prime and n (> 2) be an integer. Then
it is well known ([7, Corollary to Theorem 7 in Chapter 10]) that Kny is
generated by the special value of a Fricke function over K (). As one example
of Theorem 2.2 we shall construct a generator a of K, over K, whose
relative trace Tr Ky /K (ym) (c) also generates K (pm) over K, for each integer
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2 GENERATORS FOR ABELIAN EXTENSIONS OF NUMBER FIELDS

2 < m < n (Theorem 3.5). And, let Ny, No,...,N; (t > 1) be a sequence
of integers such that N; > 2 and N;|Ny|---|N,. As for another example of
Theorem 4.2 we shall construct an element 3 of K(y,) whose relative norm
Nk (n,)/Kx,, (B) generates K(y,) over K for each index 1 <k < (Example
4.3), which is relatively simpler than the work of Ramachandra ([10]).

On the other hand, the normal basis theorem ([17, §8.11]) guarantees
the existence of an element a € U whose Galois conjugates over L form a
basis for U over L as a vector space. We call such an element a a normal
element for U/L. Although one can find a primitive generator for U/L,
not much seems to be known until now how to construct such a normal
element. For instance, Okada ([8]) constructed in 1980 a normal element of
the maximal real subfield of Q(e?™/7) over Q by extending Chowla’s work
([1]) with cotangent function. See also [9]. After Okada, Taylor ([16]) and
Schertz ([11]) established Galois module structures of ring of integers of
certain abelian extensions of an imaginary quadratic field and also found a
normal element by making use of special value of modular function. And,
Komatsu ([4]) further considered certain abelian extensions U and L of
the cyclotomic field Q(e?>™/®) and constructed a normal element for U/L
in terms of special value of Siegel modular function. Unlike their works,
however, we shall present a relatively simple new formula of constructing a
normal element for U/L by using a lemma developed in [3] which can be
deduced from the Frobenius determinant relation (Theorem 5.3).

2. GENERATORS FROM RELATIVE TRACES

First, we shall present a simple lemma.
LEMMA 2.1. Given a sequence of £ (> 1) nonnegative integers
Ny, No, ..., Ny,
we can construct a sequence of { positive integers
My, My, ..., M,

in view of Ny, No, ..., Ny such that
(i) M; > 1+ N; for each index 1 < i <,
(i) ged(M;, N;) =1 for every index 1 <i < ¢,
(iii) ged(M;, M;) =1 whenever i # j.
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Proof. Set My =1 and
i1
(1) M;=1+N;[[M for1<i<e
k=0
Since My = 1 and N; > 0, the recursive formula (1) yields the property (i).
Furthermore, the relation

i—1

Mi—NiHMkzl
k=0

induced directly from (1) enables us to have the properties (ii) and (iii). O
Let U be a finite abelian extension of a number field L with [U : L] > 2.

Let
L<F1,F2,...,Fg§U

be (all of) its intermediate subfields properly containing L. Since U/L is
an abelian extension, so is F;/L (1 < i < /) by Galois theory. Furthermore,
there is a nonzero algebraic integer «; that generates F; over L by the
primitive element theorem. We set

¢
N=1[U":L]| H IN©1o(disc(ai, Fi/L))|,

i=1
which is a positive integer, and take

i—1
My=1 and M;=1+N][[M. (1<i<).
k=0

Then the sequence My, Ms, . .., M, satisfies the properties (i)—(iii) in Lemma
2.1 with N; = N (1 <i < /). Now we consider the element

¢
Q;
2 = — c U.
2) =Y
THEOREM 2.2. The relative trace

T/ (a)

generates F; over L for each index 1 < i < /£.
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Proof. On the contrary, suppose that Try/p, («) does not generates F; over
L for some index 1 < j < {. Then there is an element p € Gal(F;/L) with
p # id fixing Try/r, (). We then obtain by the definition (2) and the fact

TI'U/F]. (Oé)p = TI'U/F]. (Oé) that

TU/Fj(O[j)p I Z TU/Fj(CYZ')p _ TU/Fj(aj) I Z TU/Fj(OzZ‘)'
IMJ‘ : M; fuj . M;
1<i<y 1<i<y
i#] i#]

And, we further derive that

1 1
> o (Boyry (@)’ = Troye (eq)) = - (Troyry (ag) = Troyr (@))°)
1<i<e ~ Ot J
i

1
= —[U: Fjj(aj — o) Dbecause a; € F;.

M. J

J

Multiplying both sides by M;Ms - - M, we get

M M MM, --- M

ay 3 A Moy (o —TrU/anz-)):%[U:M
1<i<e
i#]

Here, we note that the left hand side is an algebraic integer divisible by an
integer M; (> 2), whereas the right hand side is a nonzero algebraic integer
prime to M; because p # id, ged(M;, N) = 1 and ged(M;, M;) =1 if i # j.
This yields a contradiction.

Therefore, we conclude that Try/p, (o) generates F;j over L for each index
1< <0 O

REMARK 2.3. We can replace N by any positive integer divisible by all
prime factors of N.

3. TOWERS OF CLASS FIELDS

For each positive integer N let Fy be the field of all meromorphic mod-
ular functions of level N whose Fourier coefficients belong to Q((y) with
(v = e2™/N | As is well known [12, §6.2] the elliptic modular function j gen-
erates F; over Q, and Fy is a Galois extension of F; whose Galois group is
isomorphic to GLyo(Z/NZ)/{£1:}.
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For a lattice A = |1y, 2] in C, the Weierstrass p-function relative to A is
defined by

o) =5+ Y {ﬁ—é} (z€C).

weA\{0}

Let N (> 2) be an integer and [Z] € (1/N)Z*\ Z*. We define the Fricke
function f[r](T) by

) o) = = 2D o) (e,
where
gr(17) =60 Z ﬁ (k=2,3) and p[g](ﬂ = p(r7 + s;[7, 1]).

we[r,1]\{0}
Furthermore, we define the Siegel function g[r](7> by

r2—r mis(r— r 2mis n+r 2wis n—r —2mis
g7)(7) = —qMACTHOem D (1 g [ [ (L-g" 7 e?™) (1" e ™),
n=1
where ¢ = e?™7. Observe that it has neither zeros nor poles on H. Then,
f[r] (1) and 9[7] (7)'2N belong to Fy and satisfy the transformation rules

(4) fr(@) = fopr(m) and - (gpy(1)*Y)7 = guy oy (7)Y,

respectively, for all v € Gal(Fy/F1) ~ GLo(Z/NZ)/{x1:} ([7, §6.2-6.3]
and [3, Proposition 3.4]).

LEMMA 3.1. Let {Zl] , [Zz} € (1/N)Z*\ Z* for an integer N (> 2) such
1 2
that [Zl] Z+ [:2] (mod Z?). Then we have the relation

1 2

g[T1+7‘2] (7_)9[7"177"2] (7_)77(7—>4

S1+82 51—S82

P[1(7) = prray(7) = — R

92 Vg (7)

where
o

n(r) = V2risg> (1 - ")

n=1
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Proof. See [6, p. 51]. O
Let K be an imaginary quadratic field of discriminant dx. We set
d Vd
(5) 0 — %

and denote by Hg and Ky the Hilbert class field of K and the ray class
field of K modulo (N) for a positive integer N, respectively.

LEMMA 3.2. Let N > 2. By the main theorem of complex multiplication
we have the followings.

(i) Hrx = K(j(0K))-
(11) K(N) = K(h(@}() ’ h e Fy is ﬁm'te at 9}()

(i) If K # Q(v=T), Q(v/=3), then
Ky = HK(f[1 ](OK)) = K(g[ 0 ](91{)12%)

0
/N 1/N

for any nonzero integer n.

Proof. (i) See [7, Theorem 1 in Chapter 10] or [12, Theorem 5.7].
(ii) See [7, Corollary to Theorem 2 in Chapter 10].
(iii) See [7, Corollary to Theorem 7 in Chapter 10] and [3, Theorem 4.2].
U

In what follows we let K # Q(v/—1), Q(v/—3) until §5.

LEMMA 3.3 (Shimura’s reciprocity law). Let N > 2 and let *+ Bx+C €
Z[z] be the minimal polynomial of O over Q. Then the matriz group

Wk N = { {u — b —gv} € GLy(Z/NZ) | u,v € Z/NZ}

v
gives rise to the isomorphism
WKVN/{:E.IQ} — Gal(K(N)/HK)
a +—  (h(0k)— h*(0k) | h € Fn is finite at Ok).
Proof. See [15, §3]. O

Let p be an odd prime and let n (> 2) be an integer. We then have a
tower of ray class fields

Kp)y < Ky <+ < Kgny
with
(6) [K(pm+1) . K(pm)] = p2 (1 S m S n — 1)
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(6, Theorem 1 in Chapter VIJ.
For each positive integer m we define a function

M)V )™

I

7Y — p2m+D)
g fnlm) = = T @)

p

that belongs to Fpm.

LEMMA 3.4. Let {Z} € (1/N)Z*\ Z?* for an integer N (> 2). Then we
get the followings:
(i) g[g](HK) and Ng[z;](QK)_l are algebraic integers dividing N.
(ii) fm(Ok) is an algebraic integer which generates Kmy over K.

(ili) [N, o(disc(fm(Ox), K@m)/Kp))| is a power of p.

Proof. (i) See [5, §3] and [6, Example in p.45].
(ii) Since K(p) = HK(f[l(/) ](9[{)) and K(pm) = HK(f[l/om](eK)) by
p P
Lemma 3.2 (iii), we achieve from the definition (7)

Km = Kg)(fm(0K))-
On the other hand, we obtain by definition (3) and Lemma 3.1 that

fm(0k) = 9{ 1/p}(QK)Q[_W}(QK)Q[lt/)p](eK)Q

1/p™ 1/p™

X(pg{l/p](ex)l)(pg{_l/p} (91r<)’1)(p2””‘g[1 0 ](QK)*Q),

1/p 1/p /r"

which yields that f,,(0x) is an algebraic integer by (i).
(iii) Let 0 € Gal(Kym)/K()) with 0 # id. By Lemma 3.3 we may

u—bBu _51}} of GLy(Z/p™Z), where
min(fx, Q) = z* + Bx + C. We then see that

fm(gK)U - fm(eK)

identify o with an element

2<m+1>[(f ) = [WK))”_ Mo 70~ T )
M) ) = 00 7 T, 0 = g )

by the definition (7)
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QmﬂﬁqﬁAWM“‘ﬁwﬁ%”_fu%ﬁﬁﬂ‘ﬁwﬁﬁﬂ
f[ / ](QK) — f[l(/)p](eK) f[ ](QK) — f[l(/)p](eK)

0
1/p

= p
0
1/p

because o leaves K, fixed

B 17 i TNl
T ) = gy O
f[v/pm (QK)”—f[ 0 ](9K)
— p2(m+D) 'u,/pm:| v emma 3.3 an
R
o 1090 o 10K)g1 0 1(0x)* 911/ (0K)?
_ p2(m+1)g{(U+1/)/pm} g{(ufl/)/pm} g[l/p] g[ (/) ] by Lemma 3.1.
gﬁm (HK)Q[ll/ép} (91()9[%:} (0x) 9, 0] (0x)

Since f,,(0x) is an algebraic integer, this value is an algebraic integer,
too. Moreover, it divides a power of p by (i). Therefore, we conclude
that [N, jo(disc(fin(0x), Kpm)/K))| is a power of p.

OJ

THEOREM 3.5. Let n (> 2) be an integer. Set

m—1

M, =1 and Mmzl—i-pHMk (2 <m <n),
k=1
and .
=N 9 with a = fn(0r).
o 2. L wi

Then the relative trace
Ty K¢ oy ()
generates Kmy over K, for each integer 2 < m < n.

Proof. Note that the positive integer
(Ko : Kl J] Nk, sa(dise(fu(0x), Kem/Ka))|
2<m<n

is a power of p by (6) and Lemma 3.4 (iii). Furthermore, since each f,,(0f)
(2 < m < n) is an algebraic integer which generates Km) over K, by
Lemma 3.4 (ii), the assertion follows from Theorem 2.2. U
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4. GENERATORS FROM RELATIVE NORMS

Let U/L be a finite abelian extension of number fields, and consider a
tower of fields

with
de[FkiFk_l] (1§]€§t)

In this section we shall present an element § of U whose relative norm
N,/ (8) renders a generator of Fj, over F for each index 1 < k < m.
First, we need a lemma.

LEMMA 4.1. Let K be a number field and o be an algebraic integer for
which K(«) is Galois over K. Then, any nonzero power of 3ac + 1 also
generates K(a) over K.

Proof. Let n be a nonzero integer. Suppose on the contrary that K ((3a +
1)") is properly contained in K(«). Then there exists an element p €
Gal(K(a)/K) with p # id fixing (3a + 1)". Since 3o + 1 # 0, we get
3a” +1 = ((3a + 1) for some |n|th root of unity ¢ (# 1), from which it
follows that

(8) 3 —Ca) =¢—1(#0).
Since o’ — (v is a nonzero algebraic integer, we see that
(9) INi(ayo(3(a” = ¢a))| = 3Nk o(a” — (a)| = 37

where d = [K(«) : Q]. On the other hand, since any Galois conjugate of
¢(—1 over Q is of the form (*—1 for some integer s and |(*—1| < [(*|+1 = 2,
we obtain

N —1)] <27
But, this contradicts (8) and (9). Therefore we achieve the lemma. O

By the primitive element theorem, there is an algebraic integer (3, which
generates Fj over Fy_; for each index 1 < k < t. Furthermore, we may
assume that

(10) Fy = Fy_1(By) for any nonzero integer n

in the sense of Lemma 4.1
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THEOREM 4.2. With the notations as above, let
t

B
r=h 51:[2 Nr./r, . (Bs)

Then, for any nonzero integer n the relative norm

NFt/Fk (B)n
generates Fy, over Iy for each index 1 < k <'t.

Proof. We use the induction on m.
If t =1, then we get § = f;, and so the assertion is obvious by (10).
Now, assume that the assertion holds for ¢ = ¢ (> 1), and consider the
case where ¢t = ¢ 4+ 1. We then deduce that

{41 Bds
N 0+1 (ﬁ) = N £+1 (ﬂ +)
Fir/Fy Fpr/Fo | PL g Nz, /5, (Bs)

14

5. i
Fea /e <61 H NFS/Fs—l(/BS)) Fe /0 (NFZH/FZ (ﬂé-}—l))

s=2

§=2 15/1371(/ 5) NF /F (/BE )d[ 1

::@ﬁNﬁamyﬁ

s=2 F.S/stl

Thus we obtain by induction hypothesis that for each index 1 < k < /¢

(11) Fr = FO(NFZ/Fk (NFe+1/F£<6))n> - FO(NF€+1/Fk (B)n) for any n # 0.

On the other hand, since Fy,/Fy is an abelin extension, so is Fy(8")/Fy by
Galois theory. This fact implies that Fy(3") contains N, , /5, (8)", and we
derive that

FO(NFZ+1/F£+1 (B)n) FO(BR)
= FO(BTL)(NFZJrl/FZ (/B)n)
— F(B") by (11) with k = ¢

41 g n
_ r Pt
‘ < (ﬁl 31;[2 NFS/Fsl(ﬁs)> )

d, 1mn
= Fi(B. )
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= Fi by (10).
Hence the assertion is also true for ¢ = ¢ + 1. This complete the proof. [J

EXAMPLE 4.3. Let K be an imaginary quadratic field other than Q(v/—1)
and Q(1/—3), and let O be asin (5). For a sequence of integers Ny, No, ..., V;
(t > 1) such that

2§N1 and N1|N2|"'|Nt,
consider a tower of class fields
K < Kny) < K < < K.

For each index 1 < k£ < t and any nonzero integer n, the special value

9[1/(1]\/ ](QK)HNW is an algebraic integer which generates K(y,) over K by
k

Lemmas 3.4 (i) and 3.2 (iii). Thus the element

t gr o (HK)IQNS[K(Ns):K(stl)]
[1/N1 <o NK(NS)/K(NS_1> (g[ 0 ] <0K)12Ns)

1/N,

satisfies
K(Nk) - K(NK(Nt)/K(Nk)<B)n) (1 <k< t)

by Theorem 4.2. Moreover, by Lemma 3.3 and (4), each denominator in
the above expression of 5 can be rewritten as

N o O] 0™ = T gm0
S [v=Bv —Cv]ews/(an) LW/

where min(fx, Q) = 2? + Bx + C' € Z|[x] and

W, = {7 = {“ _UB” _f”} € GLy(Z/N,Z) | u,v € ZN,Z, v = +I, (mod Ns_l)}.
REMARK 4.4. Let § be a nontrivial integral ideal of K. In 1964 Ra-

machandra ([10, Theorem 10]) constructed a theoretically beautiful univer-

sal generator of K; with respect to relative norm by applying Kronecker’s

limit formula. His generator, however, seems to involve overly complicated

products of high powers of singular values of the Klein forms and the mod-

ular discriminant function.
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5. NORMAL BASES

Let U/L be an abelian extension of number fields with d = [U : L] (> 2)
and G = Gal(U/L) = {g1 = id, ¢», . .., ga}. Take a nonzero algebraic integer
« which generates U over L. For each pair of

)(E@ and 0<m<d-—1,

we let

d
S(x,m) = Z (gt with ay = a%.
k=1

Then it is an algebraic integer in U((y).
LEMMA 5.1. For a given character x € é, at least one of
S(x,0),S(x,1),...,S(x,d—1)
1S NONZETO.
Proof. On the contrary, assume that
S(x,0)=5(x,1)=---=8(x,d—1) =0.

Then, we derive that

e B
S(X, O) Z]cgl:l X(gk 1)0&2
S(X, 1) _ Zkzl X(gk_ )allc
S(x,d—1) > x(g D!
i 04(%) a(%) Oé% X(gfi)
B o oy Qg x(92)
_oz‘li_l ag_l e aﬁ‘l X(ggl)
0
0
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Now that
ai  af ag
ai  ag ag
: = JI (@j—a)#0
- - 1<i<j<d
adt adt ad™!

by the Vandermonde determinant formula, we attain

x(grh) 0
x(e2)| |0
x(g3") 0

which is impossible. Therefore, at least one of
S(X,O),S(X,l),,S(X,d— 1)

must be nonzero as desired. O

Let R
G={x1,Xx2 -, Xd}
For each pair of
XiG@ and 0<m<d-—1,
let
N(xism) = [Nucpo(S(xim))l.
For a sequence of these d? nonnegative integer

N(X170)7 N(X270)7 SRR N(Xd>0)7
N(X171)7 N(X271)7 sty N(Xd>1)>
N(x1,d—1), N(x2,d—1), ..., N(xqd—1),

take a sequence of d? positive integers
M(x1,0), M(x2,0),..., M(xq,d—1)
as in the proof of Lemma 2.1. Here we observe that if S(x;,m) # 0, then
M (x;,m) > 2 by the property (i) in Lemma 2.1.
LEMMA 5.2. An element u € U is a normal element for U/L if and only
if
Zx(g,;l)ug’“ £0 foralyeQG.

d
k=1
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Proof. See [3, Proposition 2.3]. O

THEOREM 5.3. The element

= Z(Z M (xi,m ))am

is a normal element for U/L.

Proof. Let x € G. By Lemma 5.1 we have
S(x,t) #0 for some integer 0 <t < d— 1.
Suppose on the contrary that

d
> x(giB% = 0.

k=

—_

Since
d d—1 d 1
0= Y (X )
k=1 m=0 \ i=1 v
1 d 1 t : 1 —1 m
= N t)Zx(gk g+ Y. RN R
X3 k=1 0<m<d—1,1<i<d Xis

(Xi 7m)7£(X7t)

we get by multiplying []o<,,<q_11<i<a M (xi,m) that
S(x,t) H M (xi,m) = M(x,t) - (an algebraic integer).

0<m<d—1,1<i<d
(xim)#(x,t)

It then follows from the fact

wi( [T M) =1

0<m<d—1,1<i<d
(xim)#(x:t)

that M(x,t) (> 2) must divide S(x,t), and hence it also divides the positive
integer N(x,t) = |Ny(c,/0(S(x,t))|. However, the fact

ged(M(x,t), N(x,t)) =1
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gives rise to a contradiction.
Therefore, we conclude by Lemma 5.2 that [ forms a normal basis for
U/L. O

EXAMPLE 5.4. Let K be an imaginary quadratic field of discriminant dx
other than Q(v/—1) and Q(1/—3). Let 0k be as in (5). For an integer N
(> 2), the special value g[ § ](9;{)12]\7 generates K(y) over K by Lemma

1/N

3.2 (iii), and is an algebraic integer by Lemma 3.4 (i). One can then apply
Theorem 5.3 to the case where U = Ky, L = K, G = Gal(Ky/K),

G = {x1, X2, -, xa} and a = g[l?N](eK)lzN’ and hence
d—1 d 1
——gr o 1(6 12Nm
mz:() ( i=1 M<Xi’m)) [I/N]( x)

is a normal element for K(ny/K.

REMARK 5.5. Jung et al. showed in [3] that 97,9 ](GK)_HW is a normal
1/N
element for K(ny/K for a sufficiently large positive integer ¢. But, they
couldn’t further express ¢ precisely in terms of dx and N. In other words,
they took ¢ so large that

0, )-12N)o

(ng]( K))

0. ) 12N

gmN]( K)

for all o € Gal(K(y)/K) with o # id.

¢
1

<
(K : K]

6. INTEGRALITY OF WEAKLY HOLOMORPHIC MODULAR FUNCTIONS

Let N be a positive integer and h € Fy be weakly holomorphic (that is,
h is holomorphic on H). As we have seen in §3, Examples 4.3 and 5.4, the
integrality of special values of h plays an important role of finding concrete
and nontrivial examples. In this section we shall show that the integral-
ity of special values of h at all imaginary quadratic arguments implies the
integrality of h over Z[j] as a function.

LEMMA 6.1. (i) Let f € Fi(Cn). If it is weakly holomorphic, then it

is a polynomial of 7 over Q((y).
(ii) For any imaginary quadratic argument 0 € H, j(0) is an algebraic
integer.

Proof. (i) See [7, Theorem 2 in Chapter 5.
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(ii) See [7, Theorem 4 in Chapter 5].
U

Let K be an imaginary quadratic field of discriminant dg, and let 6 be as
in (5). We denote the class number of K by h(K), that is, h(K) = [Hk : K].
Due to Siegel and Deuring we have the following lemma.

LEMMA 6.2. (i) h(K) — o0 as |dg| — oo.
(ii) Ifp is any prime factor of |disc(j(0k ), Hx /K)|, then it does not split
in K, equivalently, (df) # 1.

Proof. (i) See [14].
(ii) See [2] or [7, §13.4]. -

REMARK 6.3. Note that j has integer Fourier coefficients with respect to
q = €™ [7, p. 45]. So, j(0k) is a real algebraic integer by the definition
(5) and Lemma 6.1 (ii), and hence min(j(fk), K) has integer coefficients.

LEMMA 6.4. Let m and N be positive integers, and consider a function

(12) 9(1) = cmi(T)™ + -+ +e1j (1) + co € Q¢ [5(7)].

Assume that g(0) is an algebraic integer for every imaginary quadratic ar-
gument 6 € H. Then g(7) belongs to Z[(n][j(7)].

Proof. We can take a sufficiently large prime ¢ such that —t = 1 (mod 4)
and h(K) > m + 1, when K = Q(y/—t), by the Dirichlet theorem and
Lemma 6.2 (i). Let

j(91); j(‘92>7 ce 7](971(1())
be Galois conjugates of j(0) over K (here, O is an element of H depending
on K as given in (5)), where 6, € H (k = 1,2,...,h(K)) give rise to ideal
class representatives [0, 1] of K. Setting 7 = 0, (k = 1,2,...,m+ 1) in

(12) we get a linear system (in unknowns cq, c1, ..., )
Lj6) - ge)" Co g(6h)
L jfa) - g(0)" a| | g(b)
1 j(eerl) T j(eerl)m Cm g(9m+l)

Observe that all entries of the augmented matrix of the linear system are
algebraic integers by Lemma 6.1 (ii) and the hypothesis. Furthermore, since
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the determinant of the coefficient matrix is given by
II G-
1<t<k<m+1

by the Vandermonde determinant formula, we deduce that
1
(13) COyCly ey Cm € BZ[CN], where D = |disc(j(0k), Hx / K)|.

Let s1,89,...,s, be all prime factors of D. Then one can also take a
suitably large prime v such that —v =1 (mod 4) and —v =1 (mod s;) for
all k = 1,2,...,v, and h(L) > m + 1 with L = Q(v/—v). In exactly the

same way as above we achieve that

1
(14) COsCly-v s Cm € MZ[CN]’ where M = |disc(j(0L), H./L)|.

Now, let p be a prime factor of D so that p = s, for some index 1 < k < v.

We then obtain
(5)-()- ()
Ll=(—)=(=) =1,
b Sk Sk

because —v =1 (mod 4) and —v =1 (mod si). Thus p does not divide M
by Lemma 6.2 (ii), and hence we get ged(D, M) = 1. Considering prime
ideal factorizations in Z[(y]| we readily deduce from (13) and (14) that
C0yC1y -+ -5 O lie in Z[(y]. Therefore, we accomplish the lemma. O

REMARK 6.5. Lemma 6.4 is obvious when m = 0.

Let N be a positive integer. The field Fy is a Galois extension of Fi((y)
whose Galois group is isomorphic to SLy(Z/NZ)/{£I,}. More precisely, an
element ~y in SLo(Z/NZ)/{xl:} acts on f € Fx by

fr=1Fo7,

where 7 is any preimage of the reduction SLy(Z) — SLo(Z/NZ)/{£1,} that
acts on H as fractional linear transformation ([12, §6.2]).

THEOREM 6.6. Let h € Fn be weakly holomorphic. Then, h is inte-
gral over Z[j] if and only if h(0) is an algebraic integer for any imaginary
quadratic arqgument 6 € H.

Proof. Assume that h is integral over Z[j], so h satisfies
(15) A" + ap B4+ ath+ag =0
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for some a, = ay(7) € Z[j(7)] (k=0,1,...,n—1). Let § € H be imaginary
quadratic. If we set 7 =6 in (15), then we get

(16) R(O)" + ap_1(O)R(O) " + -+ ay (O)h(0) + ag() =

Since j(0) is an algebraic integer by Lemma 6.1 (ii) and a(6) ( =0,1,.
1) are polynomials of j(#) over Z, we see from (16) that h(0) is an algebralc
integer, too.

Conversely, assume that h(f) is an algebraic integer for any imaginary
quadratic argument § € H. Let SLy(Z/NZ)/{£l>} = {7,Y2,---,Ym}. For
each v, let 7 be its preimage under the reduction SLy(Z) — SLo(Z/NZ)/{£1>}.
Consider the polynomial

pla) = [[(a—n") = [[(z—hofi) = & +bp_12™ "+ +bra+by € Fi((n)[a].
k=1 k=1
Since its coefficients by = bs(7) (s = 0,1,...,m — 1) are symmetric poly-

nomials of h o~ (k= 1,2,...,m) which are holomorphic on H, they are
polynomials of j(7) over Q((x) by Lemma 6.1 (i). Furthermore, let 6 € H
be imaginary quadratic. Then, 4;(0) (k = 1,2,...,m) lie in H and are
imaginary quadratic, too. And, it follows that (h o 7%)(0) = h(7%(0)) are
algebraic integers by our assumption, and hence their symmetric polynomi-
als bs(0) (s =0,1,...,m — 1) are also algebraic integers. The result follows
from Lemma 6.4. 0
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HIGH ORDER DERIVATIVES OF THE SOLUTION TO A
CONDUCTIVITY EQUATION ARISING FROM
FIBER-REINFORCED COMPOSITES

KIHYUN YUN!

ABSTRACT. When two perfectly conductors are located very closely to
each other, the electric field concentration occurs in the narrow region
in between neighboring inclusions. The field is expressed as a gradient
of the solution to a conductivity equation arising from fiber-reinforced
composites. In this paper. we establish the optimal blow-up estimate
for higher order derivatives of the solution in the narrow region.

1. INTRODUCTION

We define the inclusions D; and D, as
, €
b=, (1 (1)

for « = 1,2. Here, the symbol ¢ means the distance between D; and D,
and it is supposed to be very small. For a a harmonic function H defined
in R2, let u be the solution u to the equation

(1) Au=0in R?\ (D; U Dy)

2010 Mathematics Subject Classification. 7T8M30, 35Q60, 35J57.
Key words and phrases. High Order Derivatives, Conductivity Equation, Fiber-
reinforced Composites.
Department of Mathematics, Hankuk University of foreign Studies!, Email:
gundam@hufs.ac.kr.
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with the conditions

(0=, on 0D,
U = Cy on 0Dy,
2) dyuds = O,uds =0,
8Dy 0D>
Ku—HzO(W) as |(z,y)| — oo.

Here, the constants ¢; and ¢y depend on H and €, and the normal unit

vector v points toward the inside of Dy or Dy. Let €2 be a domain as
Q=(-3,3) x (—2,2)

which contains D; and Ds.

The problem to estimate the gradient Vu was raised by Babuska related
to material failure of composites [4]. In fiber-reinforced composites, shear
stress concentration occurs in very narrow region in between neighboring
fibers. The gradient Vu implies the shear stress when u is the out-of-plane
displacement Many intensive studies on the estimate have been successfully
done due to practical significance [18, 17, 16, 7]. The optimal blow-up rate
of |Vul is \/ig for small distance € [3, 2, 22, 23], and moreover, asymptotic
behavior of Vu was also obtained [1, 10, 11]. Such problem has been inves-
tigated in a large variety of ways [5, 6, 11, 12, 13, 14, 15, 16, 21, 24].

In this paper, we establish the optimal blow-up estimate for higher order
derivatives of the solution in the narrow region by upper and lower bounds.
Thus, the generic blow-up rates for general order derivatives are obtained.

Theorem 1.1 (Upper Bounds). For a harmonic function H defined in R?,
let u be the solution to the equation (1) satisfying the conditions (2). Then,
there is a constant C,, > 0 for anyn =1,2,3,--- such that

D" ]| oo (0 DruD5) < Cpe 2
foranyn=1,2,3,---.
Theorem 1.2 (Lower Bounds). Suppose that
H(z,y)==x

for any (z,y) € R? and u is the solution to the equation (1) for H. Then,
there is a constant Cp, > 0 for anyn =1,2,3,--- such that

||Dnu||L°°(Q\D1UD2) > Cre 2.
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2. THE PROOFS OF THEOREMS
Let ¢ be a solution to
Ag=0inR*\ (D; U D,)

with the conditions

(q = dl on (9D1,
q = d2 on 8D2,
—/ 0,qds = / d,qds =1,
8D1 8D2
q=0<#> as |(z,y)| = oo.
\ [(z,y)] ’

Here, the constants d; and dy depend on €. Then,

1 (log|(z,y) — (—ve —p,0)| —log |(z,y) — (Ve +p,0)|)

with p = O(€) as € — 0.

T

Lemma 2.1 ([10]). For a harmonic function H defined in R?, let u be the
solution to the equation (1) satisfying the conditions (2). Then, one can
prove the expression of u as

U=aoq+r.
The constant « is given as

_27T

Ve

«

and

Cy
e i ()
ly| + Ve
in the narrow region in between Dy and Ds.

This lemma is derived from the results in [10].

2.1. Proof of Theorem 1.1. The function r is constant on 0D; U D, and

s )
r(z,y)| < Ciexp | ————=
o)l < Cremp (S
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in the narrow region in between D; and D,. Thus, the standard estimate
for harmonic functions provides the boundedness of D"r as follows: for any
n=1,2,3,---, there is a constant C' such that

|D"r| < C.
On the other hand, direct calculus yields
la| < C,
for a constant C, depending on H, regardless of €, and we also get
[D"q(x,y)|
< ¢ (|pm0g|(2,9) = (~ve = p.0)| | = |D"10g | (2,9) + (Ve +.0)||)
< Coe 3
in R\ (D; U D,). Therefore, we are done. O

2.2. Proof of Theorem 1.2. We consider two case when n is odd, and
when 7 is even. We assume that

H(z,y) = .
In the first case when n = 2k — 1 for some £k =1,2,3,---, we have
Dq(0,0)
> (D'log ‘(:E,y) — (=ve—np, 0)‘ — D; log }(%3/) + (Ve +p, O)D ‘(00)
> (D og |(r.) = (Ve —p.0)) |
Z 026_%
In the second case when n = 2k for some k =1,2,3,---, a simple calcu-

lation yields
D 'D,q(0,0)

> (Dy7'Dylog |(z.y) — (—ve—p,0)| = Dy'D, log |(x,y) + (Ve +p,0)]|) ‘

> (D37 Dy log] () — (—ve — p,0)])|

Z 026_%.

Therefore, since a ~ 4w and |D"r| < C, we have the desirable lower
bounds. 4

(0,v/€)

(0,ve)
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<3 1> Bootstrapping the residuals : G

N =25 N =100 N =400
pPC
Bootstrap-t Pivotal Bootstrap-t Pivotal Bootstrap-t Pivotal
0% 0.940 0.918 0.960 0.956 0.944 0.946
10% 0.794 0.770 0.838 0.828 0.858 0.858
30% 0.786 0.764 0.826 0.824 0.852 0.846

<32> Bootstrapping the pairs : G



N =25 N =100 N =400
PC
Bootstrap-t Pivotal Bootstrap-t Pivotal Bootstrap-t Pivotal
0% 0.930 0.908 0.946 0.946 0.948 0.946
10% 0.874 0.838 0.948 0.926 0.958 0.950
30% 0.858 0.778 0.924 0.878 0.952 0.936
<3#3> Wild bootstrap : G
N =25 N =100 N =400
PC
Bootstrap-t Pivotal Bootstrap-t Pivotal Bootstrap-t Pivotal
0% 0.866 0.904 0.940 0.942 0.948 0.950
10% 0.796 0.844 0.924 0.934 0.950 0.948
30% 0.764 0.800 0.890 0.876 0.946 0.936
4> Bootstrapping the residuals : G
N =25 N =100 N =400
PC
Bootstrap-t Pivotal Bootstrap-t Pivotal Bootstrap-t Pivotal
0% 0.940 0.918 0.960 0.956 0.944 0.946
10% 0.950 0.940 0.988 0.986 1.000 1.000
30% 0.810 0.780 0.918 0.914 0.982 0.982
<35> Bootstrapping the pairs : G
N =25 N =100 N =400
PC
Bootstrap-t Pivotal Bootstrap-t Pivotal Bootstrap-t Pivotal
0% 0.930 0.908 0.946 0.946 0.948 0.946
10% 0.932 0.964 0.930 0.980 0.920 0.966
30% 0.840 0.744 0.888 0.878 0.906 0.938
<36> Wild bootstrap : G
N =25 N =100 N =400
PC
Bootstrap-t Pivotal Bootstrap-t Pivotal Bootstrap-t Pivotal
0% 0.866 0.904 0.940 0.942 0.948 0.950
10% 0.928 0.964 0.998 0.998 1.000 1.000
30% 0.782 0.784 0.952 0.928 0.998 0.996
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w71 MEQZ i S B4t

4 4 o2

HZ ¥ 7} 49 Abol9 VT H UENA(ZS °d7é*é)°ﬂ gk Aol digh BAe] FulENoH
53] TEHA A4S 7We R g oF 49 FoAo] ARHAL JE FAt. E =EdAe
7154 A7]-57 44 (functional magnetic resonance image, fMRI) A} &2] T8 PHE 7|ulo 2 ¥7|%5
AARE A e FEHoR =99 HIE A o] Fokd A7 FFS | YRsta FF
AT Wl g AgE AASFLA gt

1. AE

o]

A7k W 7E FA AEi(resting state)ell AT EtE WO 7]EA UWEYATE 9
JEl(single state)ol] ME QA Fe=vh= Ao] FHE o= (Biswal et al., 1995),
FA7 ¥ 71%H AAA  (functional connectivity)e] W3S BA|sE FA
3k A+ Au}Eo] ZolxaL ¢Jt} (Cribben et al., 2012; Cribben et al., 2013; Xu and
Lindquist, 2015; Jeong et al., 2016). © Yol7} <Azke] o] 7]5% AZAA =&
HEYT BRE o&3] 7IQls A¥siAu A oAF&5 d5cte b &&sts

A77F =AE #AE wa glh

51
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2. fMRI R8¢} H7)%5 924

EA(voxel) ©HelA FAHT MRl Zpme]l diE]  FAHH
YA F 54 (independent component analysis, ICA)S 283 92 SHAE(C)E
o AHeHe == Fo] TA FdE AT F v == JieTt
Zolx] Al =W difEe] undirected graph® X = UEY A
oA BFs Hrle UMEYAS Wty g4 EAls 7 AfdA Y == 3F
Al gL WstE "HAste £AVE v oEE 2L =29 JieTt
i g = g H= gl Ao ol#
739 AL o] s|Hk(sparsity) ES 7HA= A= 7HFEtal LASSO 9
1A H4 WS adete o] drbAelty ey RSt '@A EAld A=
W

o Aeg BAG AA EA Bgmsh

A &
N
olr
re
i)
oX,
rlo

o

=)
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w3k MRl A E7E Akl B Rygo s xAEy] oHe AALH 54

7HA Il A% fosoF 3ttt = underlying processe] A 7FA E4Ad o] wl$-
73k pink noisee] A A S Hol7| wlitol iid 7HA StollA JEE A WHES
il
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gdukd o7 B-8okyg]E(greedy algorithm)S < (global) H A= S Ho=
distHA ZA 2= 7 JAFe HA)lA 2F HAsE e wAS
271tk fMRI A AE Az W3l ©x|(change point detection)ol] A}-&-3}A)

i HeeneZ e 20w /& e 2,
g delEe 4 AAE Nzow ¥ 49ow HolHE PEsi

o5 HlolHE ol&d WM ©A SAF @S AL $ 1 ko] Huvl He
A A AFEEZ(ull distribution)S o] &3 T A el

[3] @A [2e149 #AA Anrr folsd o ARE WEgHoes J|Esa,
MY WM ES J|FoR F gdoz ARE x/o] 7 RE HolEHE
[1]% =dch A [21e049 724 Adrt foahx) oW s delg Al el
Wstdo] gl Ao® HFE

[4] 9 ol Wistdo] WwA & wrhA [1)-[38]& W et

Cribben et al. (2012)¢} Xu and Lindquist (2015)% E&d1glSS AMEs] Y75
UEL A9 WstdS gAek= Wydd digh A+ 5 di




A (A 2 9pt, FF-L Times New Roman 9 pt) &< 3| 0] %]

FRAGLL 7] A5 LASSO Blel WA Fh wYe melsh) HEd ol
o g AW AW A9 A= A4dol Basts A oA

ol s AW A4 AFS 7w em A5 Add A7]9] F(window)S A

Fol et dolee] FRAPAL A4 wawsts PPow, wARoE

[1] FAR AHE 7IFo & A5 F 7] F(window)S A oJdl], FZel Ee
diole] Afele] Wshx ©A] FAZ #t& Attt

21 Watd ©A BAFY AFEE(null distribution)E ©]&3] 1 AH A9
W37l BAH R fod Ao i AAHS A

B] @A [2ellAel #AF Az 715
t}.

[4] AA AAE AN w74 [1]-[38]1S wEgh

ot

P, te Aldez 7]

CERCEE

N

ol&

o

of WWe A@Aolw, ¥/% UENDLY] T2 WS WPty EvHom

A8k, 7149 A3 (regularization) =2 H A (penalization) WHE =T
daglo]l diifEe] HESLAE #dste T2tddEds AH vluskes 44
Wiio] JhE o] vk Aol Yk (Cai et al, 2013). ey ©ELae S
2o olfrE Wk AA FAFY o4 AN wExE AYEssr]l Ay
A7 ew, Folun Fe] A7|E AAske A7t A-A Fell 8cle] Hrh

Jeong et al. (2016)> ©]9] LAIE AMAT & AT aBRA WHES VLot

HAASAZ o223 AFEYE Al A4 A5 Lel(empirical null principle)S
E=9ar, 7 AlHeA AxtEl HAZAF s Al s AEsE




AL (A Z 9pt, YE& Times New Roman 9 pt) E<5 o] =]

05 A4 EAZS F2e0 A8 (local false discovery rate)S o] -&af el WA
Aol FAA FodS wlol= Sd4r(Bayes facto)E Tl AT & A== Ao

T OF A1 F AVIE ARSEl R AASAR ds SR

T | I
FET ;

i v 200 400 600 800 1000 1200

Window size
30 45 60 75 90 105 PC

i
]
i
|

||
Il

Window size
30 45 60 75 90 105 PC

<a¥ 1> YR H7)s 944 83t 49 o (Jeongetal, 2016 9] Figure 6 B
)

4. A

H7ls A Ui FEHH Aol digh B dEet A&"E o=
ZAvE ) Jeong et al. (2016)° A A A AT A E AIetr] A dHHo=
21 Aeolel fMRI AlAIEe] grEojol sk AR FH3H7] 9 Weks
Adsts A7 FAlE A4S 5 glEd, T o7FA Wete]l addd o=

o Fdch AA, HelAF RIS
o
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AA FEHZE 7HAAL o] w2 A5 7 W Sk(spurious change)E EEakaL
Aol Wk BAS AHA wEs BAE AT ¢ S Aoz vgETh
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AA e EgE wrEA 7k B AAHY flexible 7|FAE H
Aoh Eme FAe S4Y FAol dwaaL Aug Az Hge] we #AL
zaglel, AW HYF AAZ 42 wx; Ak {7 BFAAE 23]

7] &0] 3 £F E97F single layer 94 p-n junction ©] A%+ bi-layer

TEE HHEEA 58] Shesith I #71= 7Ivke] A= Si Ee
M-V stek= F7] ve=A 7]ake] e Fdxel nla], dske] o] Folr, o=

At F71E AR ggo] W HHolth olE FHar] &, el o)
P E exciton oA EElE HArek Aol fGA A4 HdHow olsd F
AL p ¢ n & EHe] T 44 W& p-n junction WH- i
4 1= bulk-heterojunction F+F = WHJHTH 1 =), [2] 28, bi-

layer %9 7] ®BYAXNAME p-n AAWH bulk—heterojunction I}

ERAe AT

X
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A sH, I &&°] bulk-heterojuction
S 4 vk wekA], oJ7]A bi-layer

L
T2 f7 BFAAe]  WRel  Astel  ol¥g

=8 £ s
EAuU =5 H (carbon nanotubes, CNTs)E AbQlsle], HgHAe EALS

impedance analysis ¥ o2 1#Z35% )

electrode 1 electrode 1 electrode 1
(ITO, metal) (NG ) (ITO, metal)
organic electronic material s P Fe diereromnction
(small molecule, polymer ) | electron acceptor
| electrode 2 electrode 2
electrode 2 (AL, Mg, Ca) (Al, Mg, Ca)
(AL Mg, Ca) ;
a9 1 RAlMAAe] GAKe B BE, 27 AFAA AL v Fxel
FAAASTS AFESS o nﬁéﬂr pde EA=Z bi-layer 2= AR,
71 A HellA o] Hdste] &S ol £XE adste], UlF FW Aol HS
bulk-heterojuction B}Y o2 27 Zkt}.

Adud 2~ AW (impedance analysis)2 impedance spectroscopy &Filk:
YA, AR Aol AHEdds AEHCdA Al wig #e ui{ AgS
Akell perturbation & 7hslo], &atke] 24 S4& SAHSE AE
whH o 2 HFA(corrosion), HA, dABZHA(fuel cell) T T3 W
AREE AL Tk AR AR shuRt Al HW, impedance & 174 zbelgle] A
AERE YAl HaL, capacitor sty UAIE™E 90 =9 9GAFlE YERUH
ad 2 sp ol s AERt vrhA dn. AR HEHA= shifted-
semicircle ® 25 YepuH, BFA A WiF-e] o] whEba vkgle]l 2 47
el = 3} [3-6] o]d sid %= equivalent circuit E=&o] 23 2 oA
Ztzte] el mAE AR o]FA YEh= AEES Cole-Cole AR
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Im(Z)
a

Re(Z) Re(Z) ' Re(Z)

Im{Z)
s
:
Im(Z)
{n J;
Im(Z)

Re(Z) Re(Z) Re(Z)

a3 2. Impedance spectroscopyd AEZA< JlEFE=S} 1o HUEEH=
equivalent circuit EAE. F7] BIAXE EA4F vtdo] 2719 HHE = A

fr},

A3t 24
Indium tin oxide(TO)7} ZYE F7] 7]&S AF&3}9], spin coating HHOo =
PEDOT:PSS (poly(3,4—ethylenedioxythiophene):poly(styrenesulfonicacid)) &

45U (hole transport layer) HHErs 7| fo FAFstSich. FEAd 59

W

electron donor &2 =2+ P3HT (poly(3-hexylthiophene))Z, electron acceptor
E2L& [6,6]-phenyl C61 butyric acid methyl ester (PCBM)S AF-g&3F3 ¢}, [2]

7t 28 f7lgud EodA 23 Y wio® AFFZ Yo ZFsih

—] )= =1 A
Az FY=o07 0.5 nmel lithium fluoride (LiF) ®s, &3 AFow
A4 2nFS  thermal evaporator®  ZHZF ZzE9ith EAUxEHE

CNIZ]Abel A1 HipCo(Hi pressure carbon monoxide) ®2lo =2 3HA3E single

walled CNTsE AF&3ith. AM 1.50] &g 9 A7) oA efFA XA

EAL =439t Impedance spectroscopys =A% o, EAFHOZ open
circuit AYS 718tE= AxdE <y, 0, 0.2, 0.35, 0.5 VY HS 7}slod A,

el Puds SA4L SRsgth AU BavheFnol gl weha
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2.0~2.6% AX4 photo coversion efficiency(PCE) 3Zto] =Azon,
Baruefe sk Wsle] e PCE Waae A okt

-20000
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CNTSD 0.5V

~10000

Im[Z] {Ohm)

3 LL A

T T T T
] 10000 20000 30000 40000
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1% 3. Bi-layer 729 F71HYAR Y np AAH sSA}=EHE AQls)
B A Ao 2] impedance spectroscopy. HALUFHO o] WolALE= o

impedance’} =% AS & 471 UG

Impedance spectrum =73 A] 0.05 Vo 2F F35+2 0.1 HzolA 10 MHzE
st dudz=Es S48tk 29 3914 bi-layer 7x9 7]
HFAdA oA EBaryeFH o] g7 w2 Cole-Cole curve? W3S B 4=
Utk BrAaueRHe] gkl wolfle webs T dudxrt ThelE d el
FERe] FATE & F ATk ole A WY Adgte] FAse S & T
glom, 13 29 A= equivalent circuit EHE o] &3] fittingS & F7}
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Age] dEEE R2 AR ©AhAYUnFHO 3] mobfel] uwet A7

s v E=F AARE A gE B gavngBe] gl uhe

$ AY AAT Rs AT AR 2 WE} Q3 A F45

30
=
s
o,



A Z (AHZE 9pt, P2 Times New Roman 9 pt) &< o]

Fag el FasAl Aed oF  faA:

A
H
Ux=FHeo] dA sx(critical concentration)S T3tdA, o] AA FZo

A&
Bi-layer7x9] 7] BlYHA 424 YF-9o FEAHS F71E p-n junction ol

BadeFng 4de 248 J4¥den A%adn. aveFne s

R=)
ru
>
D)
J[m
oX,
lo,
riu
2
o
)
e,
o
i
)
re
o
4t
o
-
0,
it
5.
(]
D
[eN
QO
]
o
D
aQ
j=)
=
<
w
z.

Acknowledgements

o A= 20161 F=ref=rojtistnl skl tn] A el o8 o] Fofxl A,

FuEd

[1] C. W. Tang, Appl. Phys. Lett., 48, 96937 (1985).

[2] A. J. Heeger, Rev. Mod. Phys., 73, 681 (2001).

[3] B. J. Leever et al., Adv. Energy Mater., 2, 120 (2012).

[4] G. Garcia-Belmonte, et al., Sol. Energy Mater. Sol. Cells, 94, 366 (2010).
[5] G. Garcia-Belmonte, et al., Organic Electron. 9, 847 (2008).

[6] B. Yang, Y. Yuan, and J. Huang, J. Phys. Chem. C, 118, S196 (2014).



A (A 2 9pt, FF-L Times New Roman 9 pt) &< 3| 0] %]

[7]1 J.-Y. Kim et al., Organic Electron. 13, 2959 (2012).



9pt) E5 F oA

A& (A Zx 9Ipt, Y& Times New Roman

<oy Fd>

alA] 2L

5

o

Al

iz
o))
w

TR
1

™
il
o
-
el
vl

o)
®
=)
ot
\.mo
~X

PAw e,

9]

=
=

2)o w2 A

A 7] HhE Y | o]

5

=
=

= AHEA BEAD>

}

9
pul

<Tex A}&A EEA>

=R =
MS word® A

<



J. Basic Sci., HUFS, 41 (2015), pp. A= o1#] W& 74 34 nfr] e

O-face ZnO A|89 &% W& PL AHEZ EA!

o472

Q89oF : Oface ZnO Al&Ho| djsle] 2o w2 photoluminescence =742 A A8} TE Near band edge
peak¥} visible 2] peake] A, A2 HWE T3 Z 3k exciton binding energy(Eg)E 71HS &
F Atk &% o FA peak A E peakd AR wlEol A2 A NA empirical formulag} Z 9HA]

%A1k Arrhenius plot3- =3]| activation energy 66.6meV7} SR F 4L, ol 2 o] Ex= F93t)

A8

ZnO = Wi=73} exciton binding energy 7} #AA ALA g HS
o] &3 AY HEE w2 ZRAA sFete WEA Ao A5RE o]&F F
ATH[L-2] ol Aol ofe] b Wyoz A4H zZno o FEAHAS A
Hlagk A3, Afgtolo] 9o Al Bbeke] 5ol pulk AlsET S &
T AATH[Z] sHAT 9o FsHA 5A4S HoF= PL spectrum & o]
Alell  oJgk peak = Fom o]FojA glom, 53] ol thermal
broadening ©l 93] HE w peak 0 E T=Ho] AAF EAo] o]y
AFo| A= O-face ol Al A e ZnO 9] 2% w2 PL spectrum & 4] 3}
Agel 548 Yol uA g}

Ade AMEE ZnO A5+ hydro-thermal WHS o] &3t APy glon,
A7 weke (0001) = F75 0.5mm olth o] A5 0 YAF o2 S
e Toste] THEQLA, O-face ZnO AEE FE272 gt} 5L =5

Dol w=ge 20168 % SFe)Folusta e AU Slste] ol Foizl A<,
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W 3}A] 71 7} photoluminescence (PL) H S o]-&3lo] 43} th 0.5mW 2] HeCd
laser 325nm line & A& FWo] 23S 97 3lo] o7] FUdo g o] &3 om,

1m single monochromator (SPEX 1702) & &3l +-3% S photomultiplier tube =

o

HESAT A8 =X+ closed cycle He refrigerator & AF83te] 10K 714
WZhA1 7 o, cold finger o #X%¥ heater = ©]83}o] 10K oA 300K 7}A]
W 3} A] 7l T

243 L EE

% 1 o] O-face ZnO Al=9] 23 A2oAo] PL ~FERlo] Hojx|iL
ATk 3.2~34 eV A9 UV peak = ZnO 9] band-to-band transition ©l <] 3]
LEFL = exciton peak &2 ©]E NBE (near band edge) peak ©|2} HE FEU F
~AEZL2 NBE peak ° Ulsl]l normalize ste] YEFSITEE 2.0~2.8 eV *]9
broad St visible peak < oxygen ©]u} zinc 9] vacancy =< interstitial site o <23
HFAE = impurity ©F W E Ao ® HEo QIth[4] NBE peak ©] Aol A
A ow g4 YehdE AL %7t 28 45E exciton ¢ w7t dolut
NBE peak 2] 7|7} 43t Aol 7]91skt). sFx] 9k 2 exciton binding energy

o] 1 Aol AL @

T=300K

PL Intensity (Arb. Unit)

T=10K

T T T T T T T T T
16 18 20 22 24 26 28 30 32 34 36
Energy (eV)

a9 1 23 A2 A PL spectrum Y] xl
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1 T=10K

-

After vacuum break

PL Intensity (Arb. Unit)

Before vacuum break

T
3.1 3.2 3.3 34
Energy (eV)

a8 2. 4 Zk=n Ay 3 AR5 PL spectrum.

of olulr X Fo o HIAE ARANA EsEo] diffuse out = AAL,
7}

Cole dew o A

a2
o
<
<
«Q
D
5
o
td
D
AL
X
i,
o
do
N
N
o
9,
e
N
ox
i
r
O

N
o
2
ro
[
1d
[
it
flo
o
o
N
o
do
B
2
4
2
X
rlr

peak - neutral donor bound exciton (D°X) peak &2 AJZt=™ A 9} B peak Abo]9]
A 2= oF 75meV ojn EA A<l ®meko & ol phonon replica U< o 5
ATtk 2HEHTH A peak S '3l exciton peak ©] T R3FH, A HU 75meV
A& FAlE C 9 fX|o| shoulder ¥ YER}E free exciton peak(FX)7F
EAET 71 w=F A9 AFERAE 2 FEHo] peak Eo] #5EH

A E] A B,CE EAHO AUtk
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PL Intensity (Arb. Unit)

=

Zn0O, O-face
HeCd 0.5mW

Temperature

10K
20K
30K
40K
50K
60K
70K
80K
100K
120K
150K
180K
220K
260K

300K

3.1 3.2 3.3 3.4
Energy (eV)

% 3.0-face ZnO Al 5.9 &% ©]F4] PL spectrum &
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1% 3 9] DX peak ¥ A, B 2] phonon replica 7} ol wjg} oj@ A W 3H=X
Hoz|al givh, ~HMERES HY] ASES fJol#iR o]FAA a#ion,
S Aol SRtAol obdel #elstEh 2=7F &SbEsS DX peak ©f
ZopAm vre oA Hom o]sdte AS B Utk A ZACAE PL
peak ©] broad @] #|© phonon replica ¢} FAFHE ZH5S & F vk WA
o wE peak o 91x| WIE A EAL

Peak energy #t¢] =I=ol wE W37l 17l 4 o] ALY EEo R FA|E
Atk E(T)=E@Q)—aT?/(f+T) < Vashini’s formula % fitting 3 Z23}7}
TMo 7 1A vt Fitting B X = 2 9x] gFom, ¢, B 9] parameter £
ANgETE error ol Bl & Ao® YE 919 empirical formula o % 9|
Fees & T Ak ol ZAERCAN M F @e e fA7E d°E

peak 52 <3l FEFES WA SFS Yrlste], FL REoAY AFEFH peak

H

3.351
3.34 1
3.33—-
3.32—-

3.314

Peak Energy (eV)

3.30 1

3.291 .

3.28 T T T T T T T T T T T T
0 50 100 150 200 250 300
Temperature (K)

% 4, 259 wE PLpeak $1X]. 2412 Vashini formula & fitting 3+ 2 2}o] T},
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19 5. o] w2 PL peak intensity.

, ©l

i

3l PL

=

PL intensity ©] =%kof w& Wst7} 19 5 o Hoxa §)

peak S W= o x| Mo activation energy = <& 4= vl Arrhenius plot

1(T)=1(0)/[1+ aexp(—%)]—% %3] fitting 3+ curve 7} 1% 5 o] Ao w

¥A|Eo] 9lal, activation energy Ea = 66.6meV & #HS IS & U

(k=0.08617TmeV/K ©]-&). °o]= ZnO ¢| vlj-$- & exciton binding energy ~60meV <} %
A X8, AL A7bA] exciton peak ©] FAHE ZnO ¢ AHS HoFErh
Fitting ¥ curve = A& (60K ©]&}) FEolA ZF dHolge Hoju =),
A A2 Arrhenius  equation o] F  7H9]  activation & HEo =K Wo

SEEEERENE
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Z< IR

O-face ZnO A& 2] A2 PL spectrum & 4o A4S B 5= yho] glom,
el xo] wE WEE A5 oz PL peak 59 e g Eo 2 ko
exciton binding energy & A5 obd = Uk AoAM Y F & FE 9

A EH fajdE o d7E Fa7 Fh
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Targeting of proteins to cell membrane by cholesterol modification

at the C-terminal?

f°F Hedgehog ©W¥lAde Arbdwt RbgS& Fasle] C-dde] ZHzHEol Zdd FH
AzAdd FY=Es AYAs=t, hedgehoge]

domain (CAD)el ols] wizfec}t . AFolA = hedgehog®] CADE #83} enhanced green
fluorescent protein (EGFP)-cholesterol A|ZWS 7fwelitt. EGFP-CAD-His S&wuds-
el A TdEste] e F FHlzHE o3 ArhdAd whgE st C-Edd
Hy2HZo] 2%¥ EGFPE A %38ttt EGFP-cholesterolZ Hela Ao 23 A3, EGFP-

cholesterol Mo Aeix o= $]x]3}3T).

A7PAe ¥k-8-8 the C-terminal autoprocessing

AAy BAS A%E wNAe ALY E= A4 Bl A 2

Atk

Hedgehog ©¥ld2 AyEd=z Y §, A/bdd wkgs Fatd
Aoxdd JE=E=R Agyol Ax §few waEdn. ApHEd whe2
hedgehog ¢ C-Ewto] EA3}= the C-terminal autoprocessing domain
(CAD)el oJ& wiZis]+= d], A7bEdek vkg Ao A g Eae] Fe2E Eo)
ANaAG ME|=o] C-Hetol] ester bond & AFHE T} (Porter et al., 1996b).
Hedgehog CAD el ©J3 A7bdw REEE thio-ester 53 AAES A=

intein—mediated self-splicing 33 FAFgF WS 714dE 7FAY, SGGCF

Dol =RE 20163 % dwelmoluistn shed ] A el ofFte] o] folxl A4l
5 wetgel Ao sy was
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A9 9] glycine ¥} cysteine Ao]7F AehEth (Porter et al., 1996a; Hall et
al., 1997). X3+ intein—mediated self-splicing %83} A}S}A hedgehog
CAD o 93t A7tdd dbgo = A7pde F9)o] N-2et domain o o]t
ofulizil M HoldE wHYA %=tk webA hedgehog ¢ N-Z¢

NEAY PEE oA olFe wuAe QAT ASE AbEw ug

rlo

-l FE2EEo] ZAed olF wuldo] ArpAd

o

& C
wrSol AEE AAECE  (Vincent et al., 2003). AAEEAA =
FY2HES ZAW @] Hrbsle= Aldd ZHo A% hedgehog CAD

£ A= o8 e hedgehog CAD ol 93 Arpdw nkge] 54%
g§3eto] o]F dulde] C-Ede FH2HES Soldor A7 7R
MEstE . ag]ar o] oz AASE EGFP-cholesterol @S Hela
Alazoll A 2]std EGFP-cholesterol W&ol Axuto] defz oz 9x3&

Ao

-

AR % Y

A

(1) pTWIN_EGFP-CAD Z&t2n= A%

A%t hedgehog F##ke] CAD F-9]9] 5 weky} 3 @Weko] EcoRIF Pstl
Agasr AFREAr 7zt ¢As= CAD_His_EPL Zgtxavn|=2 A3 ioh
pTWIN Zg}An =2 EcoRI¥ Pstl2 ZHW3de] intein F94E AASS F
CAD_His_EPL®] EcoRI/Pstl @#HE& Adste] pTWIN E2k2=n|=9] intein
95 <27t hedgehog CADZE X33t pTWIN_CAD_HisE A 238FSth. EGEP
FAA] 5 wekyt 37 ko] Ndel¥} Sapl Aldtas AAF-97F 242 938k
EGFP_EPL Zgxv|=g 343lth. pTWIN_CAD_His® Ndel/Sapl =&l
EGFP_EPL®] Ndel/Sap] ©H-& AYdste] pTWIN_EGFP-CAD Ee#t:v|=E
A2t it
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(2) E. colP| X AZ% EGFP-CAD-His @913 @& 2 AA
pTWIN_EGFP-CADE £ cofi BL21  (DE3)el A&}
pTWIN_EGFP-CAD dAAIAZE LB vixo] H=3dte] 37 °ColA overnight
et -, ke 200 dA4stel 1 L LB iAol AFske] ODsooll A 0.6
grol 2 w7bA wjgFsklvh. i
3AZE B LES fEaGivh. wdEE EGFP-CAD-His @ dS Ni-NTA
affinity chromatographyS 33te] A A3t} Binding buffer®] 4L 20
mM NaHsPOs, 300 mM NaCl, 10 mM imidazole, pH 8.0<=, wash buffer®]
A€ 50 mM NaHoPOy4, 300 mM NaCl, 50 mM imidazole, pH 8.0, 181
elution buffer® 4L 50 mM NaH>PO4, 300 mM NaCl, 250 mM imidazole,
pH 8.0& A}&3}9lth. EGFP-CAD-His ©ild& ¥gs}

buffer (50 mM NaHyPO4, 250 mM NaCl, pH 8.0)el tfste] 4 °Cel|A] 2443t

o] 1 mM IPTGE ¥ols % 26 °ColA]

rr

£35S dialysis

ol

(3) hedgehog CAD®] A7Hd ¢t wh-g-
EGFP-CAD-His ©@#de] A7pdd whg& 20 uM EGFP-CAD-His, 1.6

mM Y 2~EHE FRolA Zy3FA Tt cleavage buffere] ZAL 100 mM Tris-
HCI, 150 mM NaCl, 4 mM Triton X-100, 1 mM DTT, pH 7.4& A}-&3}% 0,

HE-S-2 30 °ColA] 48 AIZF R &PslA ). EGFP-cholesterol Ni-NTA affinity

chromatography & 33}] CAD-HisZ4-E #2|3F3ith

(4) confocal laser fluorescent microscopy

EGFP-cholesterolS OPTI-MEM ®jAelA4 0.1 uM == 1A7F Fot

Hela Ao AHzlstdtt. PBS= 2x# AEES AFH3 3 EGFPe I35
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confocal laser fluorescent microscopy©ol A =23} ).

A5 2 22

pTWIN Z&2v=9] intein ¥91E <13t hedgehog 73 Ate] CAD HH=
28kt pTWIN_CAD_His Z&t2=u| =5 A28t pTWIN_CAD_His®9] Ndel#}
Sapl AWHSE AMgste] o]F wMA FHAzE Qe olF WA C-
Tokat CAD®] N-®eh Afolo] CADS] #A7bdw whg ARl XXXCF&
A Az dids AAsHA @ B Aol de EGFPY 5 dwa 3
ko] Ndel? Sapl AeHH-917F 242h 9jx|ek= EGFP #dAE §4TF F,
EGFP 329 Ndel/Sapl ©#H& pTWIN_CAD_His Zz2n1 =9 Ndel/Sapl
Al 4tdste] pTWIN-EGFP-CAD Zeh=v| =5 A 235kl

pTWIN-EGFP-CADE tivtol ddxdg A7 %, EGFP-CAD-His

gl ge] w3 oBE eIttt (Fig. 1). IPTGE H7bste] gwld 23S
3k AT A 51 kDa =7]¢ EGFP-CAD-His ©#do] w50 &S

o
g9183lth. EGFP-CAD-His ©¥a C-dttel] FA3HE His tags 83
Ni-NTA affinity chromatography©2 EGFP-CAD-His ©wW&d& &+t
oA 2 HE skl

Az EGFP-CAD-His7} Al el A Zell=H & AR A7bdd 245
Zh=x Feledtt (Fig. 2A). EGFP-CAD-Hisol Zd2HZS 73 F
30 °CollM 8AIZFa}F 24 AIZF ubeE WAAZ AFHTF A 26.7 kDa 7]
EGFP9} 24.4 kDa =719l CAD-His7} Z7}st9lth. Hedgehog CADol| 9%k
A7 whg2 thio—ester T3t AAES AX HAHH, thio-ester T3t
AgEL DTT7F Aldstes WAool w2 SH-z7lddl os HA kst
dg¥tt, DTTE 50 mM=2 FH7bst A3tolA EGFPe CAD-His7b ©ol
ARES Felatgity. o] ARERE] EGFP-CAD-His7} thio—ester =3t

—
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AdEs AAe ke #4ds 2t 9l EGFP-CAD-Hisel A7hdd

gEgo] ZEl xSl = gD = dES AAT 5 AT

N Bacterial expression /

C |

EGFP CAD His

<— EGFP-CAD-His

cholesterol

e O ooy

EGFP-cholesterol

Figure 1. Expression of EGFP-CAD-His in E. coli. (A) General scheme for the CAD-
mediated cholesterol conjugation method. (B) Expression of EGFP-CAD-His was
induced by the addition of IPTG. Whole cell extract (lane 1), the supernatant fraction
after centrifugation (lane 2), the flow through fraction of Ni-NTA chromatography
(lane 3), the eluent of Ni-NTA chromatography (lane 4), the dialysate after the

dialysis of the eluent fraction (lane 5). Lane M, size marker.

EGFP-cholesterol His tagS 2zt 9x o} Ni-NTA affinity
chromatography S AF&3}H His tage zral 9+ CAD-His9®} EGFP-CAD-
His2%E #28 4 9tk EGFP-CAD-His® A7Hdd whgES Ni-NTA
affinity chromatography® A71% & flow through ®&o|4x EGFP-

cholesterols 25313t} (Fig. 2B).
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A M 8h 24 h

<+ EGFP-CAD-His

<« EGFP-cholesterol
“+ CAD-His

001 150 01 15 DIT(mM)
- + - + - - 4+ = 4+ = Cholestereol

- —— -\ <« EGFP-CAD-His

W e s s s sy« EGFP-cholesterol
L - ——— - CAD-His

12 3 4 5 6 7 8 9 10 11 12

+ Cholesterol +DTT

Figure 2. Hedgehog CAD autoprocessing by cholesterol in vitro. (A) Cholesterol
stimulated the autoprocessing of EGFP-CAD-His in vitro. 20 uM EGFP-CAD-His and

1.6 mM cholesterol were included in the reaction, and the reaction proceeded at 30 °C

for 8h or 24 h. (B) The autoprocessing reaction was stimulated either by the addition
of cholesterol or DTT. Whole cell extract (lane 2), the flow through fraction of Ni-
NTA chromatography (lane 3), the eluent of Ni-NTA chromatography (lane 4), the
whole reaction mixture after the autoprocessing reaction (lane 5, lane 9), the
supernatant after centrifugation (lane 6, lane 10), the dialysate (lane 7, lane 11), the
flow through fraction of the second Ni-NTA chromatography (lane 8, lane 12) of the

reaction mixture. Lane 1, size marker.
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DTTel <fs] wizfe =A7bde wkgelA A= EGFP-DTTE DTT7E
A9 E o] WSl e SH-#7|ek wkEsle] EGFP-OH9F DTT®Z
w2 A B2 @t EGFP-cholesterol®} EGFP-OHYy ®x}=F3y & A dleko)
Hl2ete] SDS-PAGE #AdA = EEHA] @ornz Az &% 4+ glirh
FelzE o] &) wil® Arpde ubgelAd A" EGFPY C-Heho]
FelzHEe] 23Eol AFS gQlsty] 95t Aol Mk A 9] EGFPY
£ ZAeH EGFPe X4 diid 2 Alxdro] AYEAY S3etr] 7t
uj$- o]}, WhH  EGFP-cholesterol& Zd|2H|Zo] 98] Axwto] 47
e Aem F2d 4 9tk EGFP-CAD-His9 A7bdd wkgo 2 RE

x

AAG EGFP A ES Hela A X 1A% A3k 3, EGFPY B3 A&
S

kel

1=}
RUN

confocal laser fluorescent microscopy® =AM TE DTT wESolA A E
EGFPE Agd Axes= EGFP #F3S 719 #2d 5+ gl
ZHlzEHE A ABAEE EGFPE Aggh Alxolx= AxEdtoA H&
Zre] FFol #AHAY (Fig. 3). o] A= FdzdHE: vkeodA 4%

EGFPo] Z g AH Zo0] A3ty o] 9SS el

FITC DIC Merge

EGFP-cholesterol

EGFP

pit s ‘ pi -

Figure 3. Localization of EGFP-cholesterol at the cell membrane of HeLa cells. HelLa
cells were treated with 0.1 uM of EGFP-cholesterol or EGFP for 1h and observed

under confocal laser fluorescent microscopy.
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Teruya et al. (2010)2 GFP9 C-%wto] H#~vH|ES ZAEA|7]= native
chemical ligation 7]W-& X3}tk o] 7|HolA+= GFP-thioester %7t
A ES AAst7l el MESNAE Agstelown, whgAds zte SH-37| &
A Eo F3357] Y& Cys—-NH-diethylene glycol-NHCO-cholesterol<
AHE-3l ). Hedgehog CADE &-83F F#2~HE A3 7I'H2 native chemical
ligation¥} A C-2et Fa Sold& za gl& ¥t ozl MESNASH

Z& 3l
e wua B34S AT Asdel U oHd FFRE AEHA

s 2=
o] vk, 18]l Cys-NH-diethylene glycol-NHCO-cholesterol®} 72
ZH2HE FEAVE ofd ZHAHES AR RESd ARt AHES Za
9t} Hedgehog CADE &&3le] whilde ZYivHES AFHoz AgA 7]
2 AT A% e FHsHE Ads €83 aud I8k A e
M d 5 s Aol
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Pichia farinosa oA AFg 7Fs3k A =& vy wg 7!

A, oldF’

Ado, AN o] #3ol] gk fHA HE vector, #F FHAT Ve 5 FAAERLS AT
toole] F-Fate] FHA Az FF2E ARRHIAA &3 Sk YT Pichia pastoristt
AL3E yeast TFolA] AFEEE expression system I
24 P farinosa ANAE Leucine & coding 3t CUG codon & Serine &2 W3t =
Aol o] F el dig FHA 27 Ve wu|Eg CUGH™ codon 2 mistranslation
=S53t7] 98l P pastoris Hd HE|F A pGAPZ AE ALY A2 WE HEE
A ZsFA k. =3k 71E2] yra3 £ integration site & AR&-3l= )4l integration siteE coding 3

HIS2 gene & ©|&3}o] P. farinosa ¢ chromosomal DNA Wol integration & A-&AFtl. 384

o

Saccharomyces cerevisiae$t 7o)

tlo

WAlel o3 AWE 8o|3A 317l $8] codon usageES optimization*Z] zeocinfFAHAE
AREEGITE 2 Aol A AEE BE vector & o83t jacZ FRAE LAt Il & A
lacZFAdA7 AE8ZH OS2 chromosomal DNAWE AtYEoe] o Ho=w

Lol o] A¥E ulg o2 A &% expression vectors P, farinosa & 4F & AF83slo] 9]¢

3
FAAGE Ao BAD 5 Yol FEFS FAsHAT

T

A =

Pichia farinosa (Candida cacaon+ ¥WAPd #5724 WIS 717 yeast o]
homothallic diploid & AHEoj*] gor} oA EAS phylogenetic tree °l

i EA dth (Wang et al, 2006). ¢ #57F 2gdoz FE& W

rr

rr

o]+ Glycerol (Bisping et al., 1990)°] 4 xylitol (Hiroshi and Toshiyuki,

sha shel ] A 9lo] o] o] Fol Ag).
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LF2A v wHHolgl= AL HolFt E3| osmoprotectant S Al E U<
EFos A3 5 9l7] wio glycerol ¥ £& EHS 118-130 g/L 7HA
AAE 8 4 9l AoR ®Ha HtE (Wang et al., 2006). o]9F & E3 52
A3A P farinosa & T&E AFolA 5 EHo A A FF=
BrrAct 9\ P farinosa £ ATAR ALgste] E9E HI|E §hEd)
APRHZHAIEA AREEO 7SO ARES FolAY AU FAdlE T 84 33l
2AhE AMste A HAS SAlste] dEYol BAES WFH FE9

= BHIAHAT E3 =9

Tio A APt WHoez®E ofF #AAhantE HStHKim et al., 1992;

A9k ol83 oY TR AHENE EGE L P farinosa ¢ Hd H
Melut 304 G WRlol A= AH ol A k] wiZel
Az 71es AHEst P farinosa & °l&dte =T VAEE AMESs

ANEE olA7A] Wol HWuEA K3 AAHolt}, U FY Saccharomyces

2

[
2

cerevisiae, Pichia pastoris & & @R oA 9 protein translation I+ T2 A
Leucine & coding 3= CUG codon & Serine & HYslE= Eo|3l Hol
A= Ao w dyA It} (Suzuki et al., 2002; Wang et al., 2006). 1822 P,
farinosa NA A& 753 expression system < TF37] Y= CUG
codon & Leu & coding 8= U2 codon &2 thAdl] Fojof gtr}, b o F
FAXIY P farinosa A kA H o7 WHEY] e = chromosome 4072
integration 2 F &7} Avk. olE N AMA A Ura3 (OMP Dcase,

orotidine 5 -phosphate decarboxylase) FdAAFe] Algo] RuEow, yrals



Pichia farinosa®l A AF& 7hsdh A28 &d e 7

ol wel selection system & 2Elste] FAAGAE AEst=

o
Ho] &4 A 2t} (Francois et al., 2004).

B AFoME P farinosa wF7F LEAY Y S5 wAEEA JMXE 9

AAAZA AARE7ME C2AME 7FX7F e

jus}
-
Ho
)
>
N
N
%
N
rtf
[o
offt
ol
o
e

P. farinosa & °l& & + A= ¥d HHE WUstar T3 integration
site A Ura3 2o MEE site QA HISZ2 & Zrolx] A L3931, o] vector 9

8L report FAARA lacZ9 WAL FAFoEH FHHATH

AMa 2
1. ¥ % plasmids

Ao A AFE3S 79} plasmidi= Table 13 2t}

Table 1. Bacterial strains and plasmids.

Strain / Plasmid Genotype References

Strain

F{/aclq, TnIXTetR)} mcrA Alnrr-
E. coli hsdRMS-mcrBC) ®80/acZAM15
ToplOF' AlacX74 recAl araD139 Alara leu) 7697
gall galK rpsL (StrR) endAl nupG

Invitrogen, Inc.

F ompT gal dcm Ilon hsdSyrs ms)
ANDES3 [lacl lacUV5S-T7p07 indl sam7 Invitrogen, Inc.
nin5]) [malB" 1k-12(\%)

E. coli
BL21(DE3)
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Strain / Plasmid Genotype References

P. farinosa Wild-type CBS 7064
P. farinosa CBS 7064

HGO1 This study
AHIS2 with LacZ gene
P. farinosa CBS 7064

HGO2 This study
AHIS2 with hLf N-lobe

Plasmid

pGEM-T Easy Ampicillin®, T/A cloning vector Promega Co.
Ampicillin® , Synthesized gene shuttle

pBHA Bioneer Co.
vector

pGAPZ A Zeocin', P. pastoris expression vector Invitrogen, Inc.

pPGAPZ A ZeoR

pGAPZ A ZeoR
IS
pGAPZ A LacZ

pGAPZ A S5

pGAPZ A SSN

pGAPZ A with codon optimized zeocin'

gene

pGAPZ A ZeoR with integration site

PGAPZ A ZeoR IS with LacZ gene
PGAPZ A ZeoR IS with codon optimized
secretion signal sequence

pGAPZ A SS with codon optimized hLf

N-lobe gene

This study

This study

This study

This study

This study

2. o g

E. coli + LB (Luria Bertani) broth (10 g tryptone, 5 g yeast extract, 5 g
sodium chloride in 1 L of distilled water) & A}&3}e] 37 C, 250 rpmo. &

overnight culture 39ith A%3 DNAEZ 717 & AH3HA 9

84zt iAo agar 1.5%, ampicillin 50 gg/mé =& zeocin 50 ug/ml

EEERD

o
=

KeR

=



Pichia farinosa®l A AF& 7hsdh A28 &d e 7

A7velte] wfksldct. P farinosa 9 ¥l YPD broth (1% tryptone, 0.5%
yeast extract, 2% peptone in 1 L of distilled water) ¥j#| S A}&-3}lo] 30 C,
230 rpm&.E overnight culture 3}AJ T+ P farinosa®l HAASAe] MHS
Q34 YPD plate o] 500 pg/m¢é 9] zeocin = #H7FsFed 30 C oA 48 h

) 3 k.

3. Codon optimization

P. farinosa oA 9% FHze] HA HHS 9l cloningel 283 zeocin
resistance gene, /acZ gene, secretion signal sequence® codon optimization<
sttt ©AIA Sl cloningS 93 restriction enzyme siteE 11838}
I Q3 geneE S Bioneer Co. (Daejeon, Korea) oA A3t Y38t P
farinosa 2] codon usage”} o}2 L AR o}l P pastoris 2] codon usage &
0] &3}l codon optimization & F3839 1, F71H 22 CTG codon £ codon
usage o ¢JA3St] CTT, CTC, CTA, TTA, TTG %9 3 codon &= =3+
ST

4. Polymerase Chain Reaction(PCR)S ©]|&73} integration site gene ZH

PCRE 33l HISZ gene & S2317] 984 template® AV8-2 P farinosa
CBS 70649] chromosomal DNA & F% 3allth. WA P farinosa CBS 7064
Z YPD broth o] % & 24 h culture 39t (30 T, 230 rpm). HjFHS-
1700 xg o= YA Hg F Phosphate Bufferd Saline(PBS) 300 uf ol
resuspension 3t Th. Phenol & chloroform 300 wxf ¢} glass beads (d=0.5 mm)
£ H7Fsle] vortex 1 min, ice 30 sec & 5~10 3 WHE3}Y] cell lysis &
Festgieh. Cell lysis & 1,700 xg &2 44 #8 & A5 300 o &

N 2§ eppendorf (EP) tube = transfer 393 chloroform 300 @ = A7}
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ke Aol F F 14,000 xg o2 94 EsAnh Fed 200 u B NEE
EP tube = transfer 3 & ammonium acetate (7.5 M) 100 ¢ ¢ 100%
ethanol 600 pt & H7} 33t -70 C ol 30 min B3 & 4 C oA
14,000 xg ©.%2 25 min 94 2] s3lth s Ne Beal 70% ethanol 1m&
A7F 5 HAD] 4ol & v 14,000 xg o= 44l &g sl deds M
% ethanol & A2ox &= A|HY. 1 & nuclease free water & 30~50 0
H71el9d . RNase A (Promega Co.) & AHEg ¢ (37 €, 15 min)
chromosomal DNA ¥H& F&3}3it).

PCR € 25 ul ¢ GoTaq® Hot Start Green Master Mix (2x), 1~5 ul (0.25
12)¢] chromosomal DNA, 0.5 @ ¢ Z} primer (10 uM)E E3FstE= 50 w0 9
HES NS Swift™ MaxPro Thermal Cycler (ESCO® Micro Pte. Ltd) &
A3t =5k}, o] wl, HISZ gene o FEE 9d A= integration site (F),
(R) primerE A}83F3 2™ pre-denaturation (95 C, 5 min) &, & 30 cycled
amplification (95 C, 30 sec, 53 C, 30 sec, 72 C, 1 min) & A &dsF 2 1 3,
72 C oA 7 min < 1 cycle 9 extension < 3}ttt 24 PCR o AF&3k
R E primer + Table 2 9 YEy o™ Bioneer Co. oA g3t

Jsheint.

Table 2. Primers and its sequences used in this study

Primer Sequence (5' — 3"

Integration site(F) ATGCATTCACATCACAGTCATAGTG
Integration site(R)  AGATCTTCATTTATATTGGCACCAAAAAC
ZeoR-opti(F) CGCTAGGGATGTAGCTGGAG

ZeoR-opti(R) AATTTCCTGCTGGGTCTCTC

Secretion signal(F) TTCGAAACGATGAGATTTCCTTCAATTTTTAC
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Primer Sequence (5' — 3"

Secretion signal(R) GTCGACAGCTTCAGCCTCTCTTTTCTC
hLf N-lobe(F) GTCGACGGTCGTAGAAGAAGGAGTGTAC

hLf N-lobe(R) GTCGACACGCAAGTTTTGGATGG

* F . Forward primer, R : Reverse primer.

* Restriction enzyme sites are underlined.

5. &d WY Az % A

5-1. P. farinosa &d wW¥ Az

& Zdol Agka i Neol, EcoRV A EE 7FA|3L 1+ codon-optimized zeocin
resistance gene< pBHA Z#2AW|=E Neol, EcoRV 2 Aesle] 534,
pGAPZ A°] Ncol, EcoRV = Add Fee] Aiste] Axd Zetan=
pGAPZ A ZeoR& ¥ 3ltt.

HIS2 s+ A= P. farinosa CBS 7064 2] chromosomal DNA Z4-E PCR &
Z3 8539k, olu forward primers A aE&Ar Nsd AE9S xdsla
910 ™ reverse primer © AFEA Boll AEL st ¢l PCRo <3
AL HIS 2 FAAE Qx5 =21 = pGAPZ A ZeoR 9 Nsil, Belll el
Aeistel A3 Fehan= pGAPZ A ZeoR ISE 5391

fah

5-2. ¥ FHAHS

E coli @3AA3E YA CaClis o]&3te] competent cell (CP cel)&
Azt (Dagert and Ehrlich, 1979). o]%& A% wat 50 pg/mé ¢

ampicillin °J4Y} 50 pg/m¢ €] zeocin ©] A7FF LB agar plate ° =% 3}
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P. farinosa®] BAHMEL Wang 5 (2006)9] WS WHyste] AEsQld. P
farinosa CBS 7064 & YPD broth ©|4 overnight culture 3t
broth® transfer &} ODgp=0.8~1.2 7] ®l&sisith. A2 E A2 4 T,
1500 xg, 5min) 3 F AE NS vl G2 cell pelletS original volume ¢
ice—cold DW = resuspension 33ttt tiA] dAEZ 3 F 1/2 original
volume ¢ 25 mM DTT = resuspension 3FH Tt (30 C, gently shaking,
30min). I % U4 3tal 1/2 original volume 9] ice-cold DW =
resuspension st T oAl WAEE F 2 mle] 1 M sorbitol 2=

resuspension 3t YAIEZ 3 & pellet & 1 mle 1 M sorbitol &2 ThA|

4ov
o
il
<
g
o

resuspension 3t CP cell & AZ3ET}E.  Electroporationo] A
transformation o AF& 2 DNA (1~2 ug)¢} CP cell 80 xf mixture & 0.2 cm
ool ol 5% Et Aol WAt GENE PULSER (Bio-Rad Co.)E
o] 83}o] 1,500 V, 25 uF, 200 Q¢ 7o 2 electroporation & 33 T
A1 ml ¢ 1 M sorbitol solution & H7}ellth 71 o 15 ml tube =
transfer 3} shaking §l©] 30 CeolA 1 h incubation 3R} t}. L t}S YPD 2
mlS A7} dte] regeneration Y (30 C, 2 h, 250 rpm). Positive
candidates & A™E3}7] #1814 zeocin 500 pg/mlE F7F YPD plate©]
E23led 30 C incubator ©lAl 48 h w3kl

6. P. farinosa®ll~] B-galactosidase w3

Codon-optimized LacZ +AAE Zet2n|= pBHAZ H¥ EcoRl, Sals
Abgete] dag § ol AxF ZEhanl= pGAPZ A ZeoR IS o T
-9l Adate] Ax3 Eekavl= pGAPZ A LacZE E53klth o] Ax3

SR =E ATas Spel o7 Adstol M ow whE ¥ P farinosa CBS

70649 GAA L£ow A FTt. P farinosad AMA DNAC] AMYH



Pichia farinosa®l A AF& 7hsdh A28 &d e 7

Zg}~u= DNAYE codon-optimized zeocin resistance -FZAE PCRZE

Z3to g2 Felst o oluf primer & ZeoR-opti(F), (R)S A&t}
olg A wtEolzx AZRI #F= 500 pg/ml zeocin ¥ 80 ug/ml X-gal ©]
A7FE YPD plateol 4] tooth-picking 3t¢] 30 C, 24 h 8]%3}o] blue colony

1. P. farinosa®] zeocin WA % 54
P. farinosa 3AAEA Y] AHS 9&] zeocinddl tigh FAA WAHAEE SH3HS]
t}. P. farinosa CBS 7064 & YPD brothel] 24 h #l% & 5% ®¥HE zeocin?]
A7t wj Ao ==sle] colony AAARE ASsle] sttt (Fig. 1). ©]
A3} P, farinosa v R X9 zeocinol| tiste] WS 7Y 500 pg/mle

S ogles gAdT. o B ATl FdAa el

SENHE AR

o
]

MEE 93kl 500 pg/ml ¢ zeocing ®iAo H7}sled A3 ).

%)
2500

2000

1500 2

1000

Colony

500

0 - xllen
0 50 100 200 300 400 500 (zg/ml)

-500

Zeocin concentration
Fig. 1. Zeocin resistance of P farinosa CBS 7064. Experiments were

carried out at least in triplicate Values are shown by mean + SD.



2. %9 Ay Az

oF woto] AEFEAE Neol, EcoRV A o] Z3te

codon-optimized zeocin

[e]

resistance FAAE Zgk~v = pBHA (Fig. 2a) 258 Awdle] pGAPZ A ¢

AT P90 ASIshe] R EFehAUEE pGAPZ A ZeoR °le sttt
(Fig. 2b)
(a) (b)

Fig. 2. Structure of recombinant plasmid pGAPZ A ZeoR and plasmid pBHA

vector. (a) pBHA containing codon—optimized zeocin resistance gene (ZeoR)

for £ coli (b) pGAPZ A ZeoR containing codon-optimized ZeoR for P.

farinosa.

E HAHAXE P farinosa®] FMA £O =2 integrations A= ¢tAHH o=
PN

AdE

Sl AT fA4 locusE AAGE Aol Arar) oS 94

10



Pichia farinosa®| <l A48 7hsdh A= Id wE A

AE AT}, HISZ2 §-A A= P farinosa CBS 70649 chromosomal DNA =4-H
PCR & 3l 8533tk (Fig. 3a). PCRl oJ&l d& HIS2 §AAE Axd &
gt2m = pGAPZ A ZeoR 9| Nsil, Bglll §-9l¢ll 4ste] pGAPZ A ZeoR ISE
A3t (Fig. 3b).

P. farinosa CBS 7064 9] <A DNA = ¥WHE Asl7] Yl ural gene <
A& RuEo] ¢ o} (Francois et al., 2004), ©] 7% auxotrophic mutant¢]
AAS 23 metabolite2 HjA| o] H7}ajof 3t= ©rdo] Ut} whaba] E oo
e olu] P pastorisd| A AFEE I Qe HISZ FAAE A EL integration
site®  ARESHZIE St oo RN e ofFo wmd s 93
cloning®l| Al AR&3E Algtasr F97F AR Zolok 3 double crossover

recombination®l] 9]t HUS & FHA] Fof FZol AYPsE 13 3 )

lo
N
o
fol
[P
-z
fo
N
3
%0
2
o
L
=
e
tr
<
12
1A
ol
ot
i)
2
e
)
N
}\N
3
s
Q
n
)
lo
o
o3l

knock-outd du|AF Ay} o] E ZHES WHAFATL (data not shown).

(a) (b)
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SM 1

Fig. 3. Amplification of HIS2 gene (a) and structure of recombinant plasmid
pGAPZ A ZeoR IS (b). All the genes except HIS2 in the vector were codon-

optimized as described in the text.

3. pGAPZ A zeoR ISE ©]&3F B-galactosidase Zd&

OF wto] A|Fa A EcoRl, Sal AE9<S 7FA & codon-optimized LacZ A=A}t
& Ze2vV = pGAPZ A ZeoR IS ¢ 4 5919l AYste] pGAPZ A LacZE
AA}. B-galactosidase?] &S 984 LacZ F+HAE GAP promoter 3}l
AAEA skt o] A2 EFHEn=E AL Spel 02 dusie] Ao
% W= § P farinosa CBS 7064 ¢ dMA|e HISZ M43 (Fig. 4a).
LacZ AR Ads #<3sl7] 9al]l primer ZeoR-opti(F), (R) & AF&3}e

PCRell 93] S %3}

32

t}. ©] primer = zeocin FAAY codon-optimized

sequence o AH A MAE 715 7] wlEo| positive candidates AEHe] £o]

=

s9lth. 7 A7 308bp 9 DNA 717} Jepdo =z QA £Hoz Adwg)

ut

o Gl (Fig. 4b).
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Pichia farinosa®l A AF& 7hsdh A28 &d e 7

1 2SMPCNC34 56 78 9

(a) (b)

Urearicod pGAPZ A Lack

P. farinosa CBS 7064(HIS2)

Fig. 4. Integration of recombinant plasmid pGAPZ A LacZ into the
chromosome of P farinose. Schematic diagram of integration of the vector

(a) and confirmation of integration by PCR (b).

e

tlo

B-galactosidase®] W&y 1 FAS Felslr] 9siA 500 pg/md zeocin

¢

80 pug/ml X-gal ©o] H7}El YPD plate ol AZFE 7= tooth-picking 3l

i

30 T, 24 h w93l t}& blue colony & UEHE #FE5S AEE9Y (Fig.

5). 21 A3} ok E P farinisadl A+ B-galatosidase EAJo] Ho|x k= v

13



do L, oldg
(Fig. 5a) lacZ AA7}F 4% integrated vector® 7FHd A% #F=
positive control® A}&% £ coli®t 7] blue colorE W AS F<IsTt

(Fig.5b and ¢). ©] #F & 32 HGO1elg Wit}

(a) (b) (©)

Fig. 5. Expression of B-galatosidase from the recombinant strain HGOI.
Strain HGO1 contains the integrated pGAPZ A LacZ as described in the text.
(a)Wild type P. farinosa CBS 7064 in YPD X-gal plate as negative control.
(b)E. coli DE3(BL21) in LB X-gal plate as positive control. (c)Recombinant
strain HGO1. The strain shows the [(-galatosidase activity by showing blue

color in the YPD zeocin X-gal plate.

olel Ad=EZ N H Afo A AFx3 AZE3 vector GAPZ A zeoR IS¢ P

14



Pichia farinosa®l A AF& 7hsdh A28 &d e 7

farinosa Fd WERAMO HF8&Ao] HF HY o HHEZ

e
QL
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M

farinose A ¥ FHAE cloningdtil ©]2 chromosomal DNAZE 4FA|

Pfor AN £ AL FAsY 53 @ dAFelN A=

B
rlo

integration site A HISZ= w79 Aoyt I metabolited] dol #
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—

FPe FA fobd AR FA4 A GAD obF AFgek, A Az
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J. Basic Sci., HUFS, 43 (2017), pp. A 3| o]#] w222 4 84 i

EAZRE 23T cellulase A 73] T4 9 EA!
2219, A4, As¥e, 214°

ABSTRACT: Cellulolytic strains were isolated from Gyeongan wetland in Gyeonggi-do, Republic of Korea. The
cellulolytic strains were selected by congo red staining and Somogyi-Nelson method. Among the isolates, four
Gram-negative and rod shaped bacterial strains were designated strains HMF7303, HMF7305, HMF7315 and
HMF7317. Phylogenetic tree based on 16S rRNA gene sequences showed that strains HMF7303 and HMF7315
formed a lineage within the genera Sphingomonas and Novosphingobium. Strains HMF7305 and HMF7317 were
identified as member of the genera Microbacterium and Bacillus, respectively. Strain HMF7317 was exhibit the
highest cellulase acitivity. This study suggests that these results can be used as basic information for understanding
the cellulase producing strains ability.

¥8 FAE2 cellulose: glucose”} p-1-4
Aot} (Park et al.,, 2014). Cellulose= ¥ 2 <l
T, AbE, AFEAEY s dd

Absdell gel o] g¥a vk w3k A Hor HeAY 9 oHI=
of o] &%l ¢It} (Chang et al., 2005). 53] AthA3] e A7}k o= a7ty
Lol thAst7] f1g Hiole dErEo A duEE HEHI 9l
oA A] Aol Ao F8% w3 7|thE = biomass AYPoltl (Kim et al.,
2009). Cellulosei= D-glucose &% # =4 endo-p-1,4-cellulase (EC 3.2.1.4), exo-f-1,4-
cellulase (EC 3.2.1.91) 1¥]3 p-1,4-glucosidase (EC 3.2.1.21)°] 37}#] @47}
HdEHow zgsto] el D-glucose® Hel7} o] Fo Wt} (Park et al., 2012;
Kwon et al, 2015). Cellulosex= Z&8& thA|sle] vlo]lQ ogh&o] dm A
ZhgRkar glont cellulase= 5B 3184 e AYEEHA AR e
B2 HEI olews AL o, o5 s oR AR &
o] I @3k AAolt} (Chi et al., 2011; Jung et al., 2013). B

AFAEZHE cellulose® aHAFoT BT 4 g wAZe = o

o

=

glucoses A+t

Dol =i 201630 Se|To i sta stEaTn] AU ool ol Folxl Al
> R ot st Alataither A B ok} w
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cellulase &l thgh A7 MAHIL Q= 53] T& 3 FFY L3pr|ua
EG 9 AE T B2 &HxdolA cellulase A W&ol GAlE 1 Qo
(Yoon et al., 2013; Baek et al., 2014). 52 Efaih= w3o], Ao, ML &
oy wAZE o8] AAREY. FFeolrt BH|SE cellulases YREH o=
SRR oA Eo FAS Hola, LLIAA BT e Fi A
s AT EAsk=
A d4e F2 dedla, a2oME bAAS SAS Holr] wjol At
A AR 242 By A7 35U (Yoon et al., 2013; Choi et al.,
2015). webA . AFeAE mAE TYAde] =

Arbste #FE 28, sAsidlen, ol WA= wigxdI e,

.

r&
fE
Y
=Y
o,
0%
[
PL
o
for
B
s
ofy
o,
b
o
e
iy
v
o,
2
>

& HAZEE  cellulaseE

WEEA 54, Ba) B 2AGORH V) 2ARE AFetud

ol
rot

AR 2

3
7 FFAl HEH A Aok FA4 Au T FA4¢
AAES AFAsA AFHG AlsEs Hid® 0.5% NaCl &do] Y 183

= ol&ste] R2Ad =23 - 30TolA
v BEste 92 9l 79 cellulose
3 T8 HAs7] 93] CMC(carboxymethyl cellulose)S 1% Z 7}l CMC
agar WA & Alxslch @A F59] replica plateE RHE3L CMC agar Wi Aol
TT5 A&t 30ColA 543 mjgst &, =04 0.1% congo red= 203+
ZH3 g3 T 1M NaCl g0 = 1587 AHelgict. AZz 271 2

i

1= 1
Hol dAdd FHEs sty dFES Agsdy (Ariffin et al,

N

BaE #3379 16SRNA 7149 2 AE B
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HFAZEE 23 cellulase A4 752 54 2L 54

ik el
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N
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R2A° A 3¥UZF 30CE wig3t & =& colony% o]-g3}o] 16S

rRNA 525 93 colony PCRS F3attt. #59 &7

(http://eztaxon-e.ezbiocloud.net; Kim et al., 2012)l u}e} S 543 L, GenBank
X

(http://ncbi.nim.nih.gov) ] databasecl Al A7|MES At 54 € 575 5

| <& EzTaxon-e server

2 genusOH ot FHsto]l AA YElvde oF 4FS AdEste] 7]Eel
ozl 3 wEE w5 AedATH dRAAE It AEeHA
%}\

NS 7] YslA MEGA version 6 programs E3te] EAE A7 dS
24433
Agste] AlF=E 2HAdskAl

3L (Tamura et al., 2013), neighbor-joining method (Saitou and Nei, 1987)&

3. 8 2 st 54

dElE 452 755 R2A agarell &g % 30CoA 3zt wjste] v Ao

FdE colonye] FE e} AVIE QIkSaL, Gram-stainings st A9

Feld 542 Gram-reactions 2olH Skl (Hucker, 1921). w-2]¥ # % 9
d 8Es dotrr] flste] 2%, pH, dEEEe] =S = 9]

, 25T, 30T, 37T,

&3k = FFSIGTE pHE

5

0-2% oAM=

2

N
lo

&L

—

1

= 3

[\]

o

a3
2

R2A W <Folo] pHA-pH107HA] pH1¥ Zol& T, AE
0.5% HAS R, 2-5% 7HAE 1% (FA2 2 ZpolE Fil NaCls R2A Hjgod
A7rete] A ARE AT w5 APt 54 dotry] §lshd
APl 20NE$} APl ZYMS A}8319 1 B3lE o8& % FAE GN2 microplateE
Abg-stdth wiAE A o] Bi= R2A, Tryptic Soy Agar (TSA), Nutrient Agar (NA),
Marine Agar (MA), MacConkey agar B %] ol 4] 30°Cel wjFsle] FALSFATEH

)
HEE FEO nRA RAEL ToluslRA tew ge o A

ol-&st3ltt. A wWiA= R2AE 7]E WiAE ARESESIH DNA w3 5



A8, A4, gaks, 2714

7742 DNase test agar H %] ol 4] DNase WH&-2= <18l t). @A (protein) 3
AL skim milkE 3% #H7lske] iR S A %3S
30ColA 3 HjFs 5 T A4 AFE Rlsid B (starch) -3
59 AAL 247 soluble starchE 1% #H7bs] WA S WSk wix|o] 7+
HEsta 30TCAA 29 8ge & Lugol’s iodines H& th3 Ao wW3IlE
B Starch7t EA5h= B 713 JMoz Wil starch #3850

A A FHe Fsto]l Yehu: o2 amylase E4 BAHS ZAMEATL

olr
)
\I
_Q
=
X
= 2
£l
o
)
of\
ol
ol
=

o
rN

S 1Ayl YA chitin 2%7F X3 chitin agar
A 2 AFR-3FQITE wFEo]Zl Chitin agar ¥l Ao S HEFSe] 30Tl 597t

wFstglon], Fulol A4HE FYHS HAs

5. xHEAN A B AT ZH

1.0% CcMC 7} 23 basal HA A A 6Lz wgE F oA ES
10,000rpm, 4TCelA 30&3r A& dedes xagrdor Age3A.
Cellulase 4 =+ Somogyi-Nelson $99 AP o2 A3 4= shd
Ao g AhodS CMC2 PBS(Phosphate Buffer Saline)2 3!
F 40TCAA 30wz ¥kE A % CMCZY-E ¥ glucose THS
A3t EFFAAS glucoseE o] &3te] AASIITE EAEAE 1 U(unit)
9 zAst A 187l 1 pmol9] glucosedl] AH-$-ates UGS AAetsE 49

doz Aolsldtt (Wood and Bhat, 1988; Khatiwada et al., 2016).

1o
ot
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oo
2
2,
—
—
il
ot

91;
ro

)

A A BEE R2A agardf Ao =3 & AAE colonyS = 83 Ayt &=
96 Mol AldS EEsttt. 3 AdE T cellulase AAtsleE #5E 18%F
o]

$13L, 16S rRNA 71X Fell 71x3l 4% A3 A714<E
T=7F9 A eSS HMF7299+% Ideonella dechloratans ¢+ 97.5% 9] &-AF



SAZEE B3 cellulase BAF 759 B4 2

Jm

3

EE ¥%a1, HMF7302+ Duganella phyllosphaerae 9} 98.8%2] FAF=S LERNS]
t}. HMF7303-> Sphingomonas trueperi <} 99.7%, HMF7304+= Bacillus aryabhattai
9} 100%, HMF7305% Microbacterium lacus <+ 100%, HMF7306, HMF7307,
HMF7308, HMF7310, HMF7311, HMF7312+% Paenibacillus barcinonensis ¢} 99.9-
100%, HMF73132 Paenibacillus xylanexedens ¢} 98.3%% &<l% 1t} HMF7309,
HMF7314, HMF7317, HMF7319+ Bacillus aerophilus ¢ 99.9-100%, HMF7315%
Novosphingobium resinovorum ¢} 100%, HMF7316-> Micromonospora palomenae <}
98.9%¢ FAF=E YEFHATE (Table 1). o] 5 t& genusoll £3&tal T slo]
AA YEhdE #5455 ALsigih. AdE HMF7303, HMF7305, HMF7315,
HMF73172 16S rRNA 714 4S 722 ASEE 23S 2AFET] 4
AAAE BASISY (Fig. 1). HMF73032 vt FTE3% 23 monophyletic
cladeZ FA 3Tt HMF73059F HMF7315% 16S rRNA A2 974 Dol FAL
3l Microbacterium lacus €} Novosphingobium resinovorum ©] z}z} Al Atz o
ol w=A veElWTE WbA, HMF73172 A71- Dol 718 77k w57} ol
Bacillus altitudinis <} A¥#do] w2 o= ERT.

752 el Gram staining 23 = 4% 25 8 SAo Y 1HF HEE &
ahlar, Aestd, AsstA 542 Table 20 YER A TE HMF73032] 232
10C-42C = YEFIL, HMF7305, HMF7315, HMF73172 20C-37C= &2l %]
oh HA 2R 4% BEF 30TCHS BTk pHel whe A $l= HMF73039
A pH6-pH8, HMF7305+= pH7, HMF7315% pH6-pH8, HMF73172 pH6-pH9el
A sl AeRE YEwt. diskel mE A4S E¥, HMF73032 0%-
3% A e 3L, HMF73052F HMF73172 0%-5%° 4, HMF7315+%= 0%-1%°l
A Al s A E o] &3 AN A= vhe 2T R2A, TSAY
A B AAslE Ao R YERS A, NAY A= HMF7303, HMF7315, HMF7317 I

¢

e

!
rir

Fub Agstglth. w3k Marine agarell A1 HMF7303S A ¢]8F HMF7305, HMF7315,
HMF7317 57} A8t 23S Btk MacConkey agaroll A+ 4F9] #+5F &

T AEA FE Ao® YERYTE APl kitS ©]83F A¥= arginine dihydrolase,



7} 8]

(
=

o, AR, Heks, =714

urease, aesculin hydrolysis, D-glucose, esterase (C4), esterase lipase (C8), naphthol-AS-BI-
phosphohydrolase= 4% X5 positive® YEFS:IL, nitrate reduction, indole production,
glucose fermentation, capric acid, adipic acid, phenylacetic acid, lipase (Cl14), a-
chymotrypsin, N-acetyl-s-glucosaminidase, a-mannosidase, a-fucosidase+= negative= 1}
Bl o]9ol= HMF73032 PNPG (f-galactosidase), L-arabinose, N-acetyl-
glucosamine, malic acid, D-mannose, D-maltose, leucine arylamidase, valine arylamidase, a-
glucosidase, S-glucosidase, alkaline phosphatase, acid phosphatase, S-galactosidase, cystine
arylamidase, trypsin, p-glucuronidasecll 4] positives WEHATE. HMF7305+= D-
mannose, D-maltose, D-mannitol, leucine arylamidase, valine arylamidase, a-glucosidase, /-
glucosidase, a-galactosidase®l <] HMF7315+= PNPG (f-galactosidase), L-arabinose, N-
acetyl-glucosamine, malic acid, D-maltose, trisodium citrate, leucine arylamidase, valine
arylamidase, a-glucosidase, p-glucosidase, alkaline phosphatase, acid phosphatase, p-
galactosidaseol| 5 HMF7317-> gelatinase, PNPG (f-galactosidase), L-arabinose, N-acetyl-
glucosamine, malic acid, D-mannose, D-mannitol, trisodium citrate, potassium gluconate ©l
A positiveZ K31t} (Table 2). DNA, casein, starch, chitin7} &9 wj#| & o] &3}
of I Ealss AR A3 AHE 4F9 dFolA BT sk & ForA

DNase, chitinase, amylase®] &7do] §l& I3ttt WHH, HMF73172 caseins

Bajsts a4 9dgo] 19 1tt (Table 2). GN2 microplateE o] &3 At A
HyE 4% 5 D-fructoseE ©]-838= A o2 ERY AL, N-acetyl-D-galactosamine, N-

acetyl-D-glucosamine, adonitol, D-arabitol, i-erythritol, L-fucose, m-inositol, D-mannitol, D-
sorbitol, xylitol, acetic acid, citric acid, formic acid, D-galactonic acid lactone, D-
galacturonic acid, D-gluconic acid, D-glucosaminic acid, a-hydroxybutyric acid, y-
hydroxybutyric acid, p-hydroxy phenlyacetic acid, itaconic acid, a-keto butyric acid, a-keto
valeric acid, malonic acid, D-saccharic acid, sebacic acid, glucuronamide, D-alanine, L-
aspartic acid, glycyl-L-aspartic acid, L-histidine, L-leucine, L-ornithine, L-phenylalanine, L-
pyroglutamic acid, D-serine, L-threonine, D,L-carnitine, y-amino butyric acid, urocanic acid,
uridine, thymidine, phenylethyl-amine, putrescine, 2-aminoethanol, 2,3-butanediol, glycerol,
D,L,a-glycerol phosphatei= ©]&3}#] &= oz eyl F714 o2 HMF7303

< dextrin, a-D-glucose, pyruvic acid methyl ester, D-psicose, a-cyclodextrin, Tween 40,
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Tween 80, L-arabinose, D-cellobiose, D-galactose, gentiobiose, maltose, L-rhamnose, D-
trehalose, succinic acid mono-methyl-ester, cis-aconitic acid, -hydroxybutyric acid, succinic
acid, bromosuccinic acid, L-glutamic acid, L-proline, D-glucose-6-phosphate, D-mannose,
glycogen, a-D-lactose, lactulose, D-melibiose, g-methyl-D-glucoside, D-raffinose, sucrose,
turanose, a-keto glutaric acid, D,L-lactic acid, L-alaninamide, L-alanine , L-alanyl-glycine,
glycyl-L-glutamic acid, hydroxy-L-proline, L-serine, a-D-glucose-1-phosphate < ©]-&3}
= ASZ et HMF7305+ dextrin, a-D-glucose, pyruvic acid methyl ester,
inosine= ©]-8-3}$13l, HMF7315% dextrin, a-D-glucose, pyruvic acid methyl ester, D-
psicose, a-cyclodextrin, Tween 40, Tween 80, L-arabinose, D-cellobiose, D-galactose,
gentiobiose, maltose, L-rhamnose, D-trehalose, succinic acid mono-methyl-ester, cis-aconitic
acid, g- hydroxybutyric acid, succinic acid, bromosuccinic acid, L-glutamic acid, L-proline,
D-glucose-6-phosphate, D-glucuronic acid, propionic acid, succinamic acid= ©]-&3}3 th.
HMF7317-2 D-psicose, D-mannose, quinic acid, L-asparagineS ©|-&3l= 7oz &9l
= AT}

CMCE 718 = st Z} 59 a4 4S5 54835 o HMF73032 0.016
Uml9] cellulase €4S Hlom, HMF7305+= 0.008 U/ml, HMF7315% 0.003
Umls Yebdis Blas ghe 248 w1tk HMF7317-2 0.031 U/mlg e

2 3THETY & F4S vElth

o

w ATE A Bdd Aol del o] 8H = cellulases EE #FE
FAZNE 2, 4% dFE AEste] ASRAsHy, Ae)stH, st
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Table 1. List of strains and their taxonomic affiliations Strains

Strain ID Closest species 16S rRNA similarity (%)
HMF7299 Ideonella dechloratans 97.51
HMF7302 Duganella phyllosphaerae 98.81
HMF7303 Sphingomonas trueperi 99.72
HMF7304 Bacillus aryabhattai 100
HMF7305 Microbacterium lacus 100
HMF7306 Paenibacillus barcinonensis 100
HMF7307 Paenibacillus barcinonensis 100
HMF7308 Paenibacillus barcinonensis 99.93
HMF7309 Bacillus aerophilus 99.93
HMF7310 Paenibacillus barcinonensis 99.93
HMF7311 Paenibacillus barcinonensis 99.87
HMF7312 Paenibacillus barcinonensis 99.87
HMF7313 Paenibacillus xylanexedens 98.26
HMF7314 Bacillus aerophilus 100
HMF7315 Novosphingobium resinovorum 100
HMF7316 Micromonospora palomenae 98.89
HMF7317 Bacillus aerophilus 100

HMF7319 Bacillus aerophilus 100
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Table 2. Characteristics of four cellulase producing strains isolated from wetland.
1, HMF7303; 2, HMF7305; 3, HMF7315; 4, HMF7317. All data from in this study under the

same experimental conditions. +, Positive; -, negative reaction.

Characteristics 1 2 3 4
Temperature range for growth (°C) 10-42 20-37 20-37 20-37
pH range for growth 6-8 7 6-8 6-9
NaCl range for growth (%) 0-3 0-5 0-1 0-5
Growth on:

R2A, TSA, + +

NA + -

Marine agar - +

MacConkey - - - -
Hydolysis of:

Aesculin, CM-cellulose + + +

Casein (skimmed milk) - - - +

Starch, dextrin, chitin, DNA - - - -
Nitrate reduction, indole production, glucose fermentation - - - -

Enzyme activities

Esterase (C4), esterase lipase (C8), naphthol-AS-BIl-phosphohydrolase
Arginine dihydrolase, urease

Leucine arylamidase, valine arylamidase, a-glucosidase, S-glucosidase
p-galactosidase (PNPG)

Alkaline phosphatase, acid phosphatase, -galactosidase

Cystine arylamidase, trypsin, g-glucuronidase

a-Galactosidase - + - -

+
+
+
+

+ + o+ 4+

Gelatinase - - - +
Lipase (C14), a-chymotrypsin, N-acetyl-s-glucosaminidase,
a-mannosidase, a-fucosidase

Asimilation of:

D-Glucose

L-Arabinose , N-acetyl-glucosamine, malic acid
D-Mannose

D-Maltose

D-Mannitol - + -
Trisodium citrate - - +
Potassium gluconate - - -
Capric acid, adipic acid, phenylacetic acid - - - -

!
+

+ o+ o+
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Sphingomonas trueperi LMG 2142T(X97776)
97 | Sphingomonas azotifigensNBRC 15497T(AB217471)

100 HMF7303
72
‘|— Sphingomonas pituitosa EDIVT (AJ243751)

————— Sphingomonas kyeonggiense THG-DT817 (KC252615)
Sphingomonas n sis KIS18-15T (KC735149)

94

Sphingomonas leidyi ATCC 152607 (AJ227812)
Sphingomonas aerophila54131-26T(KC735148)
90 |HMF7315

190 W Novosphingobium resinovorum NCIMB 87677 (EF029110)
Sphingobium herbicidovorans NBRC 164157 (JFZA01000008)
Novesphingobium barchaimiiLL02T (KQ130454)
Novosphingobium lindaniclasticum LE124T (ATHL01000125)
Novosphingobium guangzhouense SA925T (KX215153)
Novesphingobium gossypii IM-13967 (KP657488)
Novosphingobium panipatense SM16™ (EF424403)
Rhodospirillumrubrum ATCC 111707 (NR 115549)

0.02

(b)

Bacillus safensis FO-36bT (ASID01000027)
Bacillus australimaris NH71_1T (JX680098)
Bacillus zhangzhouensis DW5-4T (JOTP01000061)
Bacillus pumilus ATCC 7061T(ABRX01000007)
Bacillus xiamenensis HYC-10T (AMSHO01000114)

90 | HMF7317

.
3 Bacillus altitudinis A1KF2bT (ASIC01000029)

Bacillus atrophaeus JCM 9070T (AB021181)

Ureibacillus thermosphaericus DSM 106337 (AB101594)

0.01

10
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(c)

99 | HMF7305

Microbacterium lacus ASE-52T (AB286030)

Microbacterium invictum DC-200T (AM949677)
Microbacterium acyamense KV-492T (AB234028)

Microbacterium pumilumKV-488T (AB234027)

95 Microbacterium deminutum KV-483T (AB234026)

Microbacterium terregensIFO 129617 (AB004721)

Microbacterium pygmaeum KV-490T (AB248875)

Curtobacterium luteum DSM 205427 (X77437)
0.005

Fig. 1. Neighbour-joining phylogenetic tree based on 16S rRNA gene sequences, showing
the phylogenetic relationship of strains HMF7303, HMF7305, HMF7315 and HMF7317
with related strains, repectively. (a), strains HMF7303 and HMF7315; (b), strain HMF7317;
(c), strain HMF7305. Rhodospirillum rubrum ATCC 111707 (KJ567598), Ureibacillus
thermosphaericus DSM 10633 (AB101594) and Curtobacterium luteum DSM 205427
(X77437) were used as outgroups. The numbers at the nodes are the percentages (>70 %)
indicating the level of bootstrap support based on 1,000 resampled data set. Bars, (a), 0.02;

(b), 0.01; (c), 0.005 substitutions per nucleotide position.

11
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