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On the future of Riemann Hypothesis*

K. Ramachandra
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Riemann Hypothesis, Lindeléf Hypothesis, Density
Hypothesis and their relations to distribution of prime
numbers are discussed. Some achievements of G. Halasz
and P. Turan are also mentioned.

IN popular language, Riemann Hypothesis (RH) is the same

asthe convergence (for every s> of %)
&
M(s)= & ninn*, (s =s +it), @)

n=1

where () = 1, nfn) =0 if n(>1) isdivisible by the square of
a prime and otherwise nn)=x1 according as n
has even or odd number of prime factors. The absolute
convergence of the serieseq. (1) in s> lisatrivia fact. But
it isalready anon-trivial fact that eq. (1) convergeson s=1.
To prove that it converges for some s withs<1 (itiscalled
qguasi RH, i.e. gRH) is so hopeless that one may describe it
as a problem which may take many centuries to be solved.
However, it is not difficult to prove that it does not
converge for any s with s£ and this assertion comzles out
from the fact that there
exists some pole say at s=b+ig with b3 % for the
meromorphic continuation of M(s) (of course to prove the
existence of such a pole we need the functional equation
called FE which we describe later in the article) to the whole
plane, which is not difficult to establish. RH (or gRH) isthus
equivalent to the convergence for real values of s (i.e.t = 0)
for the relevant values of s. Thus RH (resp. gRH) is
equivalent to

nn) = O(N 2 %), for every fixed e> 0, (]
1

T QJOZ

for a:% (resp. some a<1). Actualy the meromorphic
continuation of M(s) to the whole plane is easy to establish
sincein s> 1 we have easily M(s) = (Zs)) ™ where

¥
z()=4n° =P, p)t
n=1
the product being over all primes. Now in s> 0 we have
¥
2= -Q —or—,

n=1€
and repetition of this process arbitrary number of times
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shows that Zs) — is an entire function. To prove that
Z(s)* 0for s> ait suffices by an important famous theorem
of Landau (on singularities of Dirichlet series (resp.
integrals) with positive coefficients (resp. positive
integrands)) to prove that (for some positive integer No)
there holds,

N
a ntn) ? - N2, &)

n=1

for al N3 No. But the precise implications of eg. (3) when
a=aN)<1 (say when a(N)=1-(logN)™", 0<h< are
not kn0\§l)1 even today. If eq. (3) can be proved for some
h< we can expect % non-trivial improvement of the
Vinogradov zero-freeregion

(s 31- | (logT) ¥ (loglogT) 3, |t |ET, T 2 T,),

wherel >0 is acertain absolute constant.
The precise implications of

N
& nn)| £N? (validforal N3 Ng) @)

n=1

were investigated by Ramachandra et al.' when a=a(N) is
close to 1. Some important investigations of eqg. (3) when a
is fixed and independent of N were carried out earlier by
Balasubramanian and Ramachandra’.

As has been remarked already it is not hard to continue
Zs) — 3—11 as an entire function. Also it is a simple matter to

prove
0=2(-2)=z(-4)=z(-6) =.... ©)

But to prove that these are the only zeros of Zs) ins<0we
need the functional equation, namely

p? 698%92(5) =x(s) =x(1- 5). (FE)
ecg

Again, it is a ssmple matter (no FE is necessary) to prove
that for al T3 Ty(ed there exist 3 T* © zeros of z(s) in s3
~ETELE2T (see Ramachandra®*). But to deduce from
thisthat there are zerosin s  we neey the FE. Hardy (see
Titchmarsh®) showed that there are infinitely many zeros on
s= using the FE%Riemann had proved earlier that there
exist some zeros on s= using the FE (see%ef. 5)). Infact
Hardy and Littlewood showed (using FE) that there exists a
zero r= +ig wih TEQGET +
T4 for dl T3 To(@. The constant + was reduced to
1 by Balasubramanian®. The latest, however, is 2 due to
Karatsuba (seeref. 7).
Let g denote the least upper bound of the real parts
of the zeros of z(s). Then it isnot hard to provethat (seeref.
3
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1£q£L ©)

RH asserts that q:%- Butttf®z ¥ost pessimistic side of qis
that we are unable to decide whether ehéthoenstit
q satisfies q<1 or q>%. Vinogradov’'s zero-free region
mentioned earlier is the deepest and the most precious
result in the whole of the theory of Zs). Vinogradov
deduced his zero-free region from his deep result which is
asfollows: For all d(0£d<ghdal t* 10 there holds

|z (1- d +it) |E(t° logt)?, (b :d%), 7

for some absolute constant A >0 (The precise value of Ais
unimportant). Actyally his method gives the upper bound
where Bt/B(Iegt) Bpsolute constant (see ref. 5). In 1920s
Vinogradov , proved that the quantity
z (A+it)(logt) ® is bounded for t3 2. Even today (after the
lapse of nearly 80 years) thereis no progress of the type

z(@+it(logt) 3 ® 0 ®)

Thislooks highly challenging (because gRH trivially implies
that |z(1+it)|(loglogt)™ is bounded above for t3 100).
Actualy if in eq. (7) we can provethat canbe rep%as:ed by
a dlightly higher value we cannot only prove eg. (8) but we
can also widen the zero-free region of Vinogradov. All these
look highly unlikely to be achieved even in the next few
decades and perhaps even in the next century.

Let be al the zeros

of Zs)wjth b3 +ig) ilengol showeq fsee)ref. 5) that
1
O~ On =5((loglogloggn)'l),

for al n such that g® 10000. This was supplemented by the
following result of Ramachandra and Sankaranarayanan®.
Suppose z(s)! Oins? %+W where
t3t, and c>0 is a certain absolute constant. Then for
g 3 10000 we have

Upaa - 9, =O((loglogg,) ™).

(Actually the two authors proved a slightly more general
result of which thisisacorollary.) One of the problemsisto
improve upon this bound for the gaps, assuming RH.
Another problem is to prove that al the zeros of Zs) are
simple.

| should make it clear that thisis not asurvey article. (We
do not by any means give acomplete list of references.) The
main emphasis is on exposition of open problems. The
interested readers are referred to Titchmarsh® or Ivic'.

From RH it has been deduced that (due to J. E.
Littlewood)

z(E+int*® o, ©

for every fixed e>0, as (This is called Lindelof
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Hypothesis). The best unconditional e is any
due to Huxley and Kolesnik®.

Density Hypothesis (DH): Itiseg. (10) (stated below) yet
to be proved without assuming LH. Let N(s, T) be the
number of zeros b+ig of zs) with b3 s 0) and
|[d £ T. Then Ingham proved for the first time that eq. (9)
implies (seeref. 5) that for every fixed e> 0 there holds

N(s,T)ET @) (1ogT)Y (T 2 10), (10)

where C, = C,4(@ >0 is aconstant. It may be mentioned that
an interesting consequence of eq. (10) is that if p, denotes
thenth prime, thenforaln=1,2,3,...wehave

14
Prsr- Pn<CopZ . (11)

where >0 is any fixed real number and C,=C,(€ >0
depends only on e The result p,.—m<dgnp,
(where C,>0 is an absolute constant) is a consequence
of RH. However, it should be mentioned that p,.;—pn
<C, pﬂjz is beyond the reach of RH at present. Also it
should be mentioned that the best known unconditional ein
eq. (1) is ax—éégrdi ng to arecent result of R. C. Baker and
G. Harman.

Hal&sz-Turan theorem: LH implies that for every e>0
and every d> 0 we have

N(E+d,T)<CsT®, (T 3 10), (12)

where C; = C4(@ > 0 depends only on eand d

Halasz and Turan thought (and even announced) that LH
implies eq. (12) with i§ place of %.But they did
not settle the problem and this is so far a difficult open
problem.

| would state two problemswhich | call Turén’s dreams.

(1) Prove Haasz—Turan theorem WithfT replaced By
and (2) prove (unconditionally) that there exists an absolute
constant A; > 0 for which there holds

N(L-d,T)<(T¢ log T)A, 13)

whereT2 10and0< df 155
Actually Haldsz and Turan proved (unconditionaly)
using Vinogradov’ s deep result eq. (7) that

N(1- d,T) <(TlogT)*, (14)

where 0 < d< ﬁ', 3 10 and A, >0 is an absol ute constant.

Inspired by Haldsz—Turén theorem there is a lot of
unconditional progress on DH (and other problems
mentioned here) notably by Montgomery who is the leader
of this progress. Other contributors are Huxley, Jutila and
Ramachandra and others (For all these results see
Titchmarsh® or lvic').

Prove or disprove (unconditionally) that
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%¢”|z(i2+it) Pdt<Te, (15)

for every e>0and all T3 Ty(e.

Note that eg. (15) is a consequence of LH which is a
consequence of RH. Trivialy, given the truth of eq. (15)
with some (positive) exponent in place of 6, we can deduce
its truth for al lower (positive real) exponents. So we look
for the highest real power in place of 6 known today. This
value is 4, due to Hardy and Littlewood (I do not know any
proof of their result which avoids FE). The proof eg. (15)
with 2 in place of 6 is easy and does not need FE. The
following deep result due to Heath-Brown is certainly
worthy of mention here (seeref. 5 or ref. 7). There holds

1 .
=8 Iz +in f* de<Te, (19)

for every e>0and all T3 Ty(e.

1. Ramachandra, K., Sankaranarayanan, A. and Srinivas, K., Hardy—
Ramanujan J., 1996, 19, 2-56.

2. Balasubramanian, R. and Ramachandra, K., Stud. Sci. Math.
Hung., 1979, 14, 193-202.

3. Ramachandra, K., J. Indian Math. Soc., 1995, 61, 7-12.

4. Ramachandra, K., Pamphlet, Ramanujan Institute, 1979, pp. 16.
5. Titchmarsh, E. C., The Theory of the Riemann Zeta-Function (ed.
Heath-Brown, D. R.), Clarendon Press, Oxford, 2nd edn, 1986.

6. Balasubramanian, R., Proc. London Math. Soc. Third Ser., 1978,
36, 540-576.

7. lvic, A., The Riemann Zeta-Function, Wiley, 1985.

8. Ramachandra, K. and Sankaranarayanan, A., Acta Arith., 1995,
70, 79-84.

9. Huxley, M. N. and Kolesnik, G., Proc. London Math. Soc., 1991,
62, 449-468.

ACKNOWLEDGEMENTS. | thank Prof. D. R. Heath-Brown for
some correspondence on Vinogradov's Mean Value Theorem. | also
thank Prof. C. E. Veni Madhavan and Prof. S. L. Yadava for going
through the manuscript. | am indebted to Prof. Rgja Ramanna for
constant encouragement and Ms. J. N. Sandhya for technical help.

Received 18 June 1999; revised accepted 1 September 1999

CURRENT SCIENCE, VOL. 77, NO. 7, 10 OCTOBER 1999

Role of Bar locus in development
of legs and antenna in
Drosophila melanogaster

S. Mandal and S. C. Lakhotia*

Cytogenetics Laboratory, Department of Zoology, Banaras Hindu
University, Varanasi 221 005, India

The X-linked Bar (B) mutation of Drosophila melano-
gaster, responsible for the well-known Bar eye
phenotype due to over-expression of the BarH1 homeo-
domain protein, is shown to enhance the abnormalities in
legs and antennae of flies carrying a viable combination of
certain decapentaplegic (dpp) loss of function mutant
alleles. It is also shown that the homeo-domain carrying
BarH1/BarH2 protein products of the B locus are
expressed in a characteristic annular pattern in areas of
normal larval leg and antennal discs that correspond to the
distal regions of adult fly appendages. dpp-mutant
background partly disrupts the expression pattern of Bar
homeo-proteins in these discs and a combination of B and
dpp-mutant alleles disrupts the Bar expression patterns in
these imaginal discs much more severely. This is in agree-
ment with the more severe phenotypes of legs and antennae
of such flies. We suggest that the homeo-box containing B
genes function as new members of the proximal distal
sector genes and are important for patterning these
appendages along their proximo-distal axes.

THE Bar eye mutant phenotype of Drosophila melano-
gaster is associated with a tandem duplication (Bar
duplication) of the 16A1-7 region of the X chromosome',
and is characterized by a drastically reduced number of
ommatidia in the compound eyes of adult flies”.
Organization of the B locus is complex since it harbours at
least two homeo-box containing genes, the BarH1
and BarH2, of which BarH1 is reported to be over-
expressed due to the Bar duplication®*. The decapenta-
plegic, dpp, gene product is a member of the TGFb family®
and has very important roles in morphogenesis in many
developmental pathways in Drosophila. The gene dpp is
expressed in the eye discs of third-instar larvae of
Drosophila in the anteriorly moving morphogenetic furrow
and thisis responsible for induction of differentiation of the
precursor cells into ommatidia®. Over-expression of BarH1
homeoprotein in eye discs of B mutant larvae is associated
with attenuation of dpp gene expression in the
morphogenetic furrow’. As a result, ommatidial precursor
cells fail to differentiate and instead, undergo apoptotic
death. Consequently, the number of ommatidiain adult eyes
of B mutant flies is substantially reduced’. All other adult
structures are

*For correspondence. (e-mail: lakhotia@banaras.ernet.in)



RESEARCH COMMUNICATIONS

normd in the B mutant flies. Sato et al.® recently
reported that BarH1 and BarH2 genes are
expressed in the anterior-most notal region
(prescutum) of the third-ingtar larva wing discs.
Other than this, nothing is so far known about the
expression and/or role of B genesin other larva
imagind discs.

During the course of our studies on interaction of
B and dpp genesin developing eye discs, we
screened severa dpp mutants and found that a
heterodldic combination of dpp-recessve lethd
dldes’, viz. dpp®™ and dpp™?, was viable. However,
the dpp®®/dpp™*? flies showed reduced number of
ommatidiain ther eyes, amilar to that in the B mutant
flies (unpublished). As expected from the wide roles
of dpp in development and differentiation'®**, the
dpp®/dpp®*? flies were wesk, short-lived (2-3
days), and displayed abnormditiesin wings, legs,
antennag, externa genitdia, etc. During these studies,
we further found that in the presence of the B mutant

Figure 1,

resulted in total absence of ommatidia and,
aurprisngly, much more severdly affected legs,
antennae, etc. Since the Bar locus has so far not
been reported to have any role in development and
differentiation of these gpopendages, the intengfication
of abnormdlitiesin the appendages in B; dpp®®/dpp™
flies was unexpected. Therefore, we examined
expresson of Bar proteinsin developing leg and
antennd imagind discsin larvae of various
genotypes, and the results are presented here. Our
present work shows that besides the earlier known
expression in the eye and the wing discs, the B genes
are indeed expressed in a characteristic pattern in the
leg and the antennd discs. On the basis of our
results, we suggest that the homeo- box-containing B
genesinteract with dpp and function as new
members of the proxima—distal sector genes, which
are important for patterning these appendages aong
thelr proximo-distal axes.

Figure 1 shows the morphology of the prothoracic
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dppdG/dppdlz and
B: dpp®®/dpp™? flies. All the three pairs of legsin
Bar-mutant flies (Figure 1 b) were indistinguisheble
from those in wild-typeflies (Figure 1 a). In B;
dpp®/dpp®*? flies on the other hand, the tarsdl and
meta-tarsal segments of dl legs were affected due to
loss of claws and fusion of the tarsal segments. On
some occasions the dorsal parts were ventralized
leading to loss of certain structures and duplication of
others; the tibia and femur segments were
progressively less affected while the trochanter and
coxawere dmogt asin wild-type or B mutant flies
(Figure 1 ¢). Most interestingly, in B; dpp®/dpp™*
flies, the severity of these abnormalities was further
intengfied. As evident from the two examplesin
Figure 1 d, there was an overdl shortening in length
aong the proximd-distd axis accompanied by
complete or partid fuson or even totd loss of the
tarsal segments. Moreover, the tibiaand femur were
aso further deformed due to shortening, bulging and
disorganized brigtle patterns, dthough the most
proximal segments like the coxa and the trochanter
were not so much affected. Such extensive
abnormdlitiesin distal segments of appendages were
never seenin BY; dpp®/dpp™? flies. The sex comb
on tarsal segment of the prothoracic leg (shown as
insatsin Fgures 1 a—d) of mde flieswas not affected
by B mutation done (compare the insetsin Figure 1 a
and b). However, in B*; dpp®/dpp®? mdeflies, the
number of bristlesin sex comb was generaly more
than in wild-type or B mdeflies(insstin 1 ¢). On the
other hand, in B; dpp®/dpp®*? mele flies, the sex
comb, when present, was dways duplicated (Figure
1d and inset).

In the antennae a o, while the B mutation by itsdlf
did not result in any abnormdity (compare Figure 1 e
andf), B*; dpp®/dpp™? flies showed abnormalities
in
the distal segments. In most cases arista, the digta
most antenna segment, was absent and a conical
projection on the third segment presumably
represented the fused fourth, fifth and the sixth
antennd segments (Figure 1 g). Asin thelegs, the
structural abnormditiesin the antennae of B;

CURRENT SCIENCE, VOL. 77, NO. 7, 10 OCTOBER 1999

dpp®/dpp®*? flies were further intensified in B;
dpp®/dpp™? flies (Figure 1 h) since the arita dong
with the fourth and the fifth antennd segments were
completely absent while the third and the second
antennd segments were widened and deformed with
disruptionsin the bristle pattern.

When compared with B/B; dpp®/dpp™? female or
B/Y; dpp®®/dpp™? maeflies, the severity of
abnormditiesin legs and antennae was less in dpp
mutant females heterozygous for B mutation (B/B”;
dppdeldppdlz)_

The above-noted enhancing effect of B mutation
on abnormalities in gppendages due to dpp mutant
condition, clearly suggested the possibility of Bar
protein expression in the corresponding larva
imagind discs and some interaction between the Bar
and dpp gene products during differentiation of these
gppendages from the undifferentiated discs. Theleg
and the antennd discs of larvee are essentidly
circular flattened, monolayer sac-like structures of
columnar epithdid cdls which evaginate during the
pupa stage to give rise to the respective adult
dructures. The centrd part in both types of discs
corresponds to the presumptive distd tip while the
periphera regions correspond to the progressively
more proximal structures of adult appendages™>*2.
To examineif B genes expressed in leg and antennd
discs during development, the S12 antibody, which
recognizes both BarH1 and BarH2 proteins’ was
used for immunogtaining the leg and eye antennd
discs for +/+, B, BY; dpp®/dpp™? and B;
dpp®/dpp™? |ate third ingtar larvae. Immunogtaining
with the S12 antibody reveded that the BarH1
and/or BarH2 proteins were abundantly presentin a
group of cdlsaranged asa 24 cdl wide
asymmetric ring around the centrd part of dl the leg
discs of wild-type late third ingtar larvae (Figures 2 a,
3 a) and at two smdll regionsin the center within the
ring (asindicated by arrowsin Figure 3 a and b).
Thering of Bar expressing cdls corresponds to the
preseumptive tarsal segment as reveded by
immunogtaning of evaginating leg discsfrom 9-10 h
old pupa as seen in Figure 3 ¢, the Bar-expressng
cdlsin these discs were essentidly restricted to the
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developing tarsd segment. The two groups of Bar
expressing cdlsin the center of theleg disc (arrows
in Figure 3 a and b) correspond to the presumptive
caws. In the wild-type antennd discs so, BarH1
and BarH2 proteins were seen in aring around the
central part of the disc (Figure 4 b) but without any
additiond gtes of expresson in the centrd region.
The patterns of expresson of BarH1 and BarH2 in
leg and antennd discs were Smilar in B mutant larvae
(Figures 2 b, 3 b) except that compared to the wild-
type discs, the staining was detectably more intense
(compare Figure 3 a and b). The 24 cdl widering
of Bar-expressing cdlsin wild-type aswell asthe B
leg, but not the antennd discs was marked by
patterned circular areas in which Bar proteins were
absent (marked by asterisksin Figure 3a and b). It

Is known that BarH1 and BarH2 are expressed in the

thecogen and neurond cdlls of embryonic externd
sensory organs and this plays akey rolein
determining the sensillum subtype'. Futhermore,
expresson of BarH1 and BarH2 in the notd region
of the third ingtar larva wing disc regulates the
formation of microchaetae®. Therefore, it is possble
that the characteristic pattern of Bar-expressing and
Bar-non-expressing cdlswithin thering in leg discs
serves as a pre-pattern for the pattern of the
microchaetae and other bristlesin adult legs. This
needs further detailed analyss.

Compared to the leg and antennd discs from wild-
type and B larvae, those from B*; dpp®/dpp™*?
showed disruptions in the patterns of Bar expression,
in agreement with the earlier noted structurd
abnormditiesin legs and antennae of adullt flies. The
leg aswell asthe antennd discin B*; dpp®/dpp®*?
larvae were somewhat deformed and the ring of Bar-
expressing cellswas digtinctly smaler and displaced
(see Figure 2 ¢). On closer examination it was seen
that thering of Bar-expressing cdllsin the leg discs
lacked the typica pattern formed by the Bar-
expressing and Bar-non-expressing cdls in wild-type
or the B mutant discs. Thislack of the ‘ pre-pattern’
within the Bar-expressing ring of cells perhgps
correlates with the aberrant bristle and other patterns
in adult legs. The two smal groups of Bar-expressing
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cdlsin the center of the ring were also absent in B™;
dpp®/dpp™? leg discs and this correlated with the
absence of dawsin adult legs of theseflies.

Mogt interestingly, the pattern of Bar-expressing
cdlsin the B; dpp®/dpp™? leg discs was completely
disrupted
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expmsaieg ol i e ceotral segion of log dise, caviespiading e
distal-most szpreznt ol the aduleleg Mot tae e cndensg s ninicg e
A oand the pattcensd ahdsiee Ganme are ooivked et 45 oef B
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Figure 2. Expression of Bar pruteing in mwsothoracic leg Irmagingl didcs of wild-typo
fay BBy B dpp ™t eh and £ app ™ dof ) lave thind instar Jarvoe ax seen
Iy immunostiining with the mbhit monoclonal anithody 517 Biotinglated ol ¢alshin
fgld entilyaly undl streptovidin conjurated HREP system (Vectory wos used o ditect the
peimsary antibody following the standard protoced

(Figure 2 d— ). As evident from the examplesin
Figure 2 d—f, the ring was replaced by a group of
Bar-expressng cdls occupying the entire central
region and additiona Sites of ectopic expression of
Bar proteins. These cells were spread over alarge
area of the disc (Figure 2 d) or were limited to a
smaller area (Figure 2 e, f). In some B; dpp®®/dpp™?
leg discs, the Bar-expressing distd region (centrd in
the disc) appeared to be duplicated (Figure 2 ).
Change from the annular pattern of Bar-expressing
cdlsto the uniform sheet of Bar-expressng cdlsin
the distal region of B; dpp®/dpp®? imagind leg discs
may perhaps be due to absence or disappearance of
the distdl- most group of imagind cdls sincein the
adult legs of these genotypes the meta-tarsal
segments were amost completely absent (Figure
1 d). Comparable disruptions in the S12 antibody
gtaining patterns were noted (not shown) in the
antenna discs of B*; dpp®/dpp™? and B;
dpp®/dpp™? |ate third-ingtar larvae.

Since dpp plays akey rolein proximo-digd axis
differentiation and our above results showed that the
B and dpp genesinteract in this process, we

CURRENT SCIENCE, VOL. 77, NO. 7, 10 OCTOBER 1999

" examined the spatia relationship between the Bar-

expressing and the Dpp-expressng cellsin norma
late third-indtar leg

and antennd discs. The dpp expression was
monitored through X-ga staining inleg and eye-
antennd discs of the dpp-lacZ tranggenic line BS3.0
(ref. 15) inwhich dpp promoter regulates the lacZ
reporter gene. The same discs were subsequently
immunostained with the S12 antibody to locdize Bar
proteins (Figure 4 a, b). Asisaready known'®, dpp
expression in leg and the antennal discs was
restricted along the anterior—pogterior boundary and
accordingly, the X-gd blue staining extended as a
narrow stripe adong the antero-pogterior axisin leg
discs and as awedge sector in antennd discs (Figure
4 a, b). Inleg discs, the stripe of Dpp-expressing
cedls (bluish-green) crossesthe ring of Bar-
expressing cdls (brown) at the dorsa-anterior
diagona and ends close to the ventral—anterior
diagond of thering while in antennd disc, the overlap
isredtricted only to the dorsd side. (Figure4 a, b). It
may be noted that the spatia digtribution of Dpp-
and Bar-expressing cdlsin leg and antennd discsis
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grikingly different from thet in the eye-disc where
both are co-expressed dl dong the anteriorly
advancing morphogenetic furrow and the Bar
proteins, in addition, are aso expressed in specific
(R1 and R6) cells of the differentiating ommétidia
where Dpp does not express

(see Figure 4 b).

Growth and pattern formation in the leg and
antennd imagind discs depends mainly on cdl—cdl
interaction rather than cdl linesge®’. The Dpp protein
IS a secretory protein, which in conjunction with the
products of wingless (wg) and some other genes
plays the most important role in specifying the
positiond information aong the proximo—dista and
dorso—ventral axes'® . In addition to these, other
genes have redtricted expression in specific positions
aong the proximal—distal axis. Expresson of these
proxima-distal sector genes appears, when viewed
from top, as annular ringsin third-ingtar leg discs or
as band/sin the everting discs and these genes
provide molecular identities to different positions
aong the proximal—distal axis™. Our present study
has shown
that the B geneis dso expressed in adigtinct ring,
corresponding to the presumptive distd region in the

Figore 4. Memthomeie lez tah and eyve-anizansl (h} imaginal dises
from the transgznie fine B350 sainsd with Xegal 10 revead ihie dng
expression pamern (hluish-green) foliowed by immunestaining with the
Sz anibily o abow the Bar cxprossion (brown) patiom. In 5, the
lowes B2IF 45 the eye-dese and the upper hald, the antennnl dizc. Mot
that the: gy expression in the lag and antennal dlect |5 along tha
anleco-posteriur bueder whole i the eve-dize it 5 nsieed o ghe
marphogenetic frgw (MEL In epe dise, Har s exproased b il KT as
well as in spectfle eolls wililin each of the dIffevenlning smmarkdia
nrmmysd posterior 1 (e FF, ]

third-ingar leg and the antennd discs. Therefore, we
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suggest the B gene to be anew member of group of
proximel—distal sector genes like distalless?,
teashirt®®, rotund®*?, etc. The specific band-like
expresson of Bar in the tarsal segments of the
evaginating leg discs further supportsits function asa
proxima—distal sector gene in these gppendages.

The dpp® and dpp™*? dleles are loss-of-function
dldes due to ddetion in the disc region of the dpp
gene’. Generally such mutant alleles are recessive
lethd but dueto a partid complementation, the
dpp®/dpp™? heterodlelic combination permits
aurviva of afew individuas to adult Sage with severe
abnormalities in gppendages. Aggravation of these
mutant phenotypes by the B mutation dearly
indicates that the B and dpp genesinteract in leg and
antennd differentiation. Although dpp isexpressed in
adripe that roughly pardles the anterior—posterior
boundary in the leg and antennal discs'®, adult vigble
mutants of dpp show abnormadlitiesin adult
appendages restricted to distdl structures. This
suggests that the diffusible product of this gene hasa
more sgnificant role in pattern formation in the distal
segments of these appendages™®*. Our results
showed that in spite of the spatialy well defined
locdization of Bar homeo- box-containing proteinsin
leg and antenna discs, their over-expression due to
the Bar mutation in dpp* background had no effect
on leg or antennd differentiation but in dpp loss-of-
function background, the dpp-mutant phenotypesin
these gppendages were sgnificantly aggravated. This
suggests some kind of stoichiometric relaionship
between these two gene products such that when the
Dpp protein isbelow a certain threshold levd, asis
likely to happen in the dpp®/dpp®? heterodlldic
combination, an overdose of Bar homeo-box
proteins has an enhancing effect on the dpp
phenotype. It appears that Bar proteins have an
inhibitory effect on dpp expresson so that in the
dpp®/ dpp®*? heterodlelic combination, the aready
lowered activity of Dpp gets further reduced resulting
in more extreme phenotypes. The disruption in the
pattern of Bar expresson in leg and antennd discsin
dpp mutant background (Figure 2 c) suggestsarole
of Dpp in regulating
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B expresson: While in the eye-disc, the B and dpp
express in spatidly overlapping regions (see Figure
4 b), inthe case of leg and antenna discs (Figure 4),
there is only alimited overlap between the expresson
domains of these two genes. In soite of thislimited
overlap, the Bar- expressng annulusin dpp mutant
discs was reduced and in the double mutants, it was
completely disorganized. These suggest either a
direct long-range fidd effect of Dpp on B expresson
or an indirect effect resulting from the dtered
expression of wg, hedgehog (hh) and other genes
due to dpp loss-of-function mutation. This aspect is
being examined further.

As has been reported earlier®, mogt of the BY;
dpp®/dpp®*? maes were completely devoid of
externd genitdiawhile afew had abnorma externd
genitdia Asin legs and antenna, the Bar mutation
had an enhancing effect on mae genitdiaaso snce
the externd genitdiawere absent in dl B;
dpp®/dpp™? mae flies (not shown). Interestingly, the
externd genitdiawere not much affected in femde
flies of any of the genotypes. The enhancing effect of
B mutation on mde, but not femde, externd genitdia
indpp mutant background also warrants further
sudy.

The classicd view has been that the Bar locus has
afunction only in eye differentiaion in view of its
phenotypic effect being redtricted to differentiation of
ommdidiain eyes. Recently, this gene was shown to
aso function in the differentiation of the notal region
of wing of Drosophila®. We have now shown that
the Bar locus hasroles in differentiation of legs and
antennae (and possibly dso the externd mde
genitdia) aswdl. Thusit gppears that this complex
locus of homeo-box containing genes plays a much
wider rolein differentiation of different sructuresin
Drosophila.
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Genomic library was constructed using nuclear
DNA prepared from tender leaves of
sandalwood. Subsequently, screening with
heterologous probes we could isolate the PR1
genomic homolog. Restriction mapping and
hybridization experiments were carried out to
obtain the coding region for PR1 gene. A 750 bp
EcoRI fragment thus obtained was subcloned to
yield pSaPR1, which was compared with the
related sequences. Southern hybridization with
genomic DNA digests was carried out to check
Its genomic organization. The induction of this
gene was observed in the somatic embryos
treated with salicylic acid, thereby implying its
possible involvement during systemic acquired
resistance.

SELF defense in plants tems from the necessity of
thelr surviva againg various pathogens. As
observed, plants are being challenged congtantly by
various pathogens but disease is not dwaysthe
Inevitable outcome. Depending on the pathogen,
plants exhibit different types of defense responses
which can be classified into three classes according
to their spatial and temporal occurrences'. Thefirst
class comprisesimmediate, early responses that
involve changes in ion fluxes across the plasma mem-
brane, synthesis of active oxygen species (oxidative
burst)>* and the hypersensitive reaction (HR). HR is
characterized by aloca necrotic lesion that
effectively traps the pathogen to the Site of infection
and prevents its spread throughout the rest of the
plant*. The second line of defense, thought to restrict
the growth and development of pathogen, is
activated at the Site of infection. This response
involves the de novo synthess of severd proteins
induding enzymes involved in phenylpropanoid
metabolism, and the biosynthess of phytodexins and
pathogenesis-related (PR) proteins. The third line of
defense that can occur in many plant—pathogen inter-
actionsistriggered on in the non-infected parts of the
plant, which is known as systemic acquired
resstance (SAR). SAR is characterized by the
protection of uninfected parts of aplant againg a
second infection by the same or even unrelated
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pathogen®®. SAR implies the existence of asgnd
molecule produced in the infected tissue, that moves
throughout the plant to activate resistance’. Sdicylic
acid (SA) has been proposed to have a centra role
asadggnding molecule leading to SAR asits
concentration rises dramatically after pathogen infec-
tion®™3. Furthermore, exogenoudy applied SA leads
to typica SAR responses such as increased
resistance to vird infection®***>, Recent evidence
suggeststhat SA may not be the primary long-
distance SAR inducing Sgnd and that the production
of this sysemic signd is not dependent on SA
accumulation. However, SA isrequired in uninfected
tissues for transduction of the trandocated sgnd into
gene expression and resistance’®.

SAR is asociated with the systemic de novo
synthesis of alarge number of PR proteins. Their
time of gppearance and the known function of at
least some of the PR proteins suggest thelr
involvement in SAR. Some members of the PR
family, chitinases and b-1,3-gucanases, inhibit fungd
growth. Moreover, b-1,3-glucanases may release
defense-activating dicitors. Direct evidence of the
potentid role of PR genesin plant defense has been
obtained by the experiments which demonstrated that
overexpressing PR genes can lead to enhanced
resistance to certain pathogens'*. Since PR genes
are induced in pardld with the gppearance of SAR,
they are useful targets to develop protection
drategiesin plants. Moreover, in the sysems where
geneticaly defined resstance is not described or
prior knowledge of pathogen avirulence geneis not
avallable, development of disease resstance may be
achieved by manipulating these sets of genes.

As part of atreeimprovement programme we are
trying to study the defense responsein an
economicaly important tropica timber tree
sandalwood (Santalum album L.), which may be
used later to develop disease-resstant plants.
Towards this end, we have attempted to clone and
characterize some of the PR genes from sandawood.
Here we report cloning and characterization of PR1
homolog from sanddwood genomic library. We
could demondtrate the induction of thisgenein the
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somatic embryos when treated with sdicylic acid,
thereby implying its possible induction during SAR.

Somatic embryos used for this sudy were
obtained by direct somatic embryogenesis (G.
Lakshmi Sitaet al. unpublished work) from
internoda segments of young shoots. Briefly,
explants were inoculated in MS medium™
supplemented with thidiazuron (TDZ) and 6-benzyl-
aminopurine (BAP) for direct somatic
embryogeness. Globular embryos thus obtained
were trandferred to MS medium supplemented with
gibberdlic acid (GA). Three-to 4-week-old somatic
embryos were used for induction with SA and other
downstream applications.

High molecular weight DNA was prepared from
the nucle isolated from sandalwood |leaves. Briefly,
sandalwood leaves were frozen and pulverized in
liquid nitrogen which was then suspended in 5
volumes of cold nuclel isolaion buffer (NIB) (15%
sucrose, 50 mM Tris pH 8.0, 50 mM EDTA, 5 mM
MgCl,, 5 mM mercaptoethanol, 150 mM NaCl).
Once thoroughly mixed, the homogenate was
alowed to pass through three layers of cheese cloth
and then centrifuged at 1500 g for 10 min at 4°C.
The precipitate thus obtained was resuspended in the
same buffer containing 0.1% Triton X-100. After an
incubation in ice for 10 min, anuclear pellet was
obtained by centrifugation at 100 g for 10 min a
4°C. This nuclear pdlet was used for isolation of high
molecular weight DNA by the standard procedure®.

DNA patidly digested with Sau3Al was partidly
filled in and subsequently dloned inthel GEM-11
haf-filled arms as described in Promega Protocols.
The genomic library containing 105 recombinants
was screened with Arabidopsis PR1, PR2 and PR5
cDNA prabes (kindly provided by Dr John Ryas,
Navartis, USA). Out of 19 positive clones obtained
after multiple rounds of screening, one that was
postive for PR1 was taken up for further
characterization. This genomic clone having the insert
of d9ze gpproximately 18 kb was subjected to
restriction mapping followed by Southern
hybridization to obtain the coding region for PR1. A
750 bp EcoRI fragment thus obtained was
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subcloned in pBluescript to yield pSaPR1.
Sequencing was carried out using Sequenase Kit (ver
2.0) (USB Biochemicas, USA) following the
manufacturer’ s ingruction. The nucleotide sequence
and the deduced amino acid sequence from the same
isrepresented in Figure 1.

Genomic DNA was restricted with Hindl 1,
EcoRl, Sacl and Xhol which do not have an interndl
gtewithin SaPR1 and fractionated in 0.8% agarose
gels. DNA was transferred to nylon membrane
(Hybond N*, Amersham Inc.) using TE-80 vacuum
transfer system (Hoefer Scientific Instruments, USA).
Blots were hybridized with SaPR1 probe. Probes
were labelled with [a-**P]dATP using Amersham'’s
megaprime labdling kit. Hybridizations were carried
out for 24 h at 42°C in 50% formamide,

5 x Denhardt’ s solutions, 6 x SSC, 1% SDS, 100 g
ml denatured Salmon sperm DNA and blots

gaaticatgccatgoacttcoctitactccaaltgEetiictclaatagpogaaaagoce
tocatttocEtCasal gAcsCRRCCiCCoctgact CICCacCIcegapcticcice
tooctatgetatgetccoocRRCRCaggectaccacgott cRc gl gegRoRITcge
capacgEtctigccaglaglgcCalccloocegEciggCIgtat g RRCa g Ccen
MGGFSL
gettcagegiciigitaagoctatgpatascigpaacaatigiiapgcagiagagcicaa
ASAFLLSLWITGTIVSERARR

astagcgeacaagatiaticaacggiicccaacgigappocigiggptatagagataace
MNSAQDYSTVPNVRAVGVEIT
coElggRalgagcagoocctigctpralcogelcgacaacgogeatcagartiaaaaaca
PWDEORLAASARQRASDLEKT

CEEtECCEEClCEACACICICATIC BECTACHE RAAAACTIARCCAIAACTARTR S
RCRLVHSHSPYGENLAITSG
cactiactacetitcicgecticolooocRigTgpEttaicgagan pittaactacRes
HFTTFLAFLPMWVVEKFNYA

geeacgetttgegitpoeaccasgrogectiac peeettpc EclaRAAARICIAAT R
ATLCVCHQAALRGCAREKSNG

ERaaccaageaggocagcagiaal peaccpacipaagigaiicegtactagogactopsc
GTKQASSNGPTGVVEY®

gicagogeeticgigocgoactggagtgatccastal gtpgticcpeacgiticiaccacganttc

Figure 1. Nucleotide and deduced amino acid sequences of the
SaPR1. The genomic fragment contains 725 nucleotides. The stop
codon is marked with an asterisk.

were washed findly at 0.1 x SSC, 0.1% SDSfor
30 min at 65°C.

Total RNA was isolated from sandalwood
somatic embryos (treated with SA or mock treated
with water) by the GITC-acid phenal extraction
method as described by Chomezynski and Sacchi?.
10 ng of tota RNA was denatured in formamide,
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separated by dectrophoresis through formadehyde
agarose gel's and blotted to Hybond N* filters™.
Blots were hybridized with SaPR1 probe. Probes
were labdlled with [a-*P]dATP using Amersham's
megaprime labelling kit. Hybridizations were carried
out in the same conditions as described earlier.
Filters were washed findly at 0.5 x SSC, 0.1% SDS
for 15 min at 50°C. All RNA gdswere routindy
visudized with ethidium bromide saining and equa
loading was confirmed by reprobing the same blot
with RNA gene probe.

The sequence of the predicted amino acids was
aigned with related sequences obtained from
SWISS-PROT data base. When compared with the
known PR1 sequencesiit reveals 37-49% homology
in the coding region (Table 1). Organization of
SaPR1 sequences in the genome was made by
genomic blotting experiments. Genomic DNA was
cut with EcoRlI, Hindlll, Xhol, Sacl redtriction
enzymes which do not cut within the 750 bp EcoRl
fragment used as probe. As shown in Figure 2, the
probe hybridizes predominantly to sngle fragments at
high stringency in dl four digests. In addition to this,
other weak bands could be detected in some of the
digests. To determine whether these fragments were
dueto partia digestion of DNA, the same digests of
DNA were probed with other control DNA and the
banding patterns indicated complete digestion (data
not shown). Together, these results suggest that
SaPR1 may react with other members of this gene
family.

Expresson of PR1 was checked in the sométic
embryos mock treated with water and upon
treatment with SA. Figure 3 shows thet thereisan
induction of PR1, when the embryos were trested
with SA. The probe hybridizes specificdly to asingle
MRNA species of Sze 0.8 kb. Longer exposure of

Table 1. Percentage of identity of aligned amino acid

sequences of PR1

Tobacco Tobacco Tobacco Arabidopsis Maize

PR1c PR1la PR1b PR1 PR1
SaPR1 47.9 47.1 46.3 45.4 36.7 Per
cent
121 121 121 119 109  identity
amino
acid
overlap
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the blot results in the gppearance of fant sgndsin
the uninduced lanes (data not shown). This
corroborates well with the other reports of PR1
induction in various plants, thus suggesting the
possible involvement of SaPR1 during SAR.

In summary, agenomic library was congtructed
from an economicaly important tropica timber treg,
sandalwood and screened with Arabidopsis PR1,
PR2 and PR5 cDNA probes. PR1 reading frame
was identified from a genomic fragment, which codes
for a putative protein of 143 amino acids and an
estimated molecular mass of 15 kDa. The SAR gene
shares 43-47% amino acid sequence identity with
various PR1 genes. Southern hybridization was
carried out using SaPR1 probe to show its possible
homology with other members of the gene family.
Thus we have successfully demondtrated thet this
geneisinduced by SA, and hence probably during
SAR, by northern blot andyss.
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