
experiments using some but not all other 
nuclear PSI-deficient mutants (mutants 
were provided by the Duke University 
Chlamydornonas Genetic Center). Mutants 
ac9 (CC-521), ac80 (CC-544), and F23 
(CC-1062) and a chloroplast PSI-deficient 
mutant, 10-3C (CC-2046), demonstrated 
photoai~totrophic growth, whereas mutants 
ac-LI-g-2-3.7 (CC-703) and ac-215 (CC- 
1234) did not. 

Debate has centered about whether the 
quantum requirement for photosynthesis is 
less than or greater than eight photons (hv) 
per molecule of O 2  evolved. Some conclude 
that the minimal quantum requirement is 5 to 
6 hv/02 in wild-type green algae (17, 18). 
Such values, if correct, cannot be explained 
by the Z schelne as it predicts a quantum 
requirement of at least 8 hv/02.  These previ- 
ously reported quantum requirements may, 
hoa,ever, be consistent with the PSII photo- 
synthesis demonstrated in tlle PSI-deficient 
mutants of green algae such as F8, B4, ac9, 
and 10-3C. The minimal quantum require- 
ment for PSII photosynthesis should be 4 
hv/02,  because PSII photosynthesis uses a 
single light reaction (PSII) instead of two 
(PSI and PSII). Pathway studies with the 
chemical inhibitors 3[3,4-dichlorophenyl]- 
1,l-dimethylurea, 2,5-dibromo-3-methyl-6- 
isopropyl-p-benzoquinale, 2-n-nonyl-4-hy- 
droxyquinolil~e-N-oxide, and carbonyl cya- 
nide-p-trifluoromethoxyphenylhydrazone in- 
dicated that in PSII plhotosyntlhesis, electron 
flow from PSII to Fd/NADPt reduction is 
through the plastoqui~lone pool and the cyto- 
chrome b/f complex ( 1  9). V(~1len both practi- 
cal energy loss (such as a loss of about 15% 
excitations in PSII antenna) and involvement 
of PSI activity (such as PSI cyclic photophos- 
phorylation) are co~lsidered, a quantum re- 
quirement (4  11v/02) for PSII photosynthesis 
can explain the reported values of 5 to 6 
hv /02  in wild-type green algae (1 7, 18). The 
previously reported quantum reqilirement (5 
to 6 hv /02)  may suggest that PSII photosyn- 
thesis can occur even in wild-type algae. 

Measurements for many C j  higher 
plants have shown a quantum requirement 
of <8 h v / 0 2 ,  such as 7.67 ? 0.10 h v / 0 2  
for Atriplex littoralis and 7.69 i 0.16 h v / 0 2  
for Vicia faba (20).  This fillding, again, 
cannot be explained by the Z scheme. 
Based on high energy cons~~mpt ion  in the 
multiple-cell tissue, estimates have indi- 
cated that the lllillilnal quantum require- 
ment for Z schelne photosynthesis mould 
be at least about 10 h v / 0 2  in C ,  higher 
plants (1 4 ,  2 1 ). Because PSII photosyn- 
thesis can have twice the energy efficiency 
of the Z scheme, tlle observed quantum 
requirement in these higher plants can, in 
principle, be explained by the occurrence 
of PSII photosynthesis. Therefore, PSII 
photosynthesis may occur not only in 

green algae but also in higher plants, and 
the Z schelne may not be tlle only Inode of 
oxygenic photosynthesis. 
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Role of the Yersinia pestis Hemin Storage (hms) 
Locus in the Transmission of Plague by Fleas 
B. Joseph Hinnebusch," Robert D. Perry, Tom G. Schwan 

Yersinia pestis, the cause of bubonic plague, is transmitted by the bites of infected fleas. 
Biological transmission of plague depends on blockage of the foregut of the flea by a mass 
of plague bacilli. Blockage was found to be dependent on the hemin storage (hms) locus. 
Yersinia pestis hms mutants established long-term infection of the flea's midgut but failed 
to colonize the proventriculus, the site in the foregut where blockage normally develops. 
Thus, the hms locus markedly alters the course of Y. pestis infection in its insect vector, 
leading to a change in blood-feeding behavior and to efficient transmission of plague. 

T h e  plague bacillus Yersinia pestis persists 
among certain wild rodent populations in  
lnany parts of the world andis-transnlitted 
primarily by fleas ( 1  ). After being ingested 
in a blood meal, the bacteria multiply in 
the flea gut and form a Illass that can 
occlude the proventriculus, a spined 
chalnber located between the esophagus 
and inidgut. Such fleas are said to be 
"blocked" because they are unable to 
pump blood into their midgut. During per- 
sistent but futile attempts to feed on  a new 
host, a blocked flea regurgitates infected 

6. J. Hnnebusch and T G Schwan, Laboratory of MI- 
croba Structure and Functon, Rocky Mountan Labora- 
torles Natlona lnstltute of Allergy and nfectous Dseas- 
es, Nat~onal Institutes of Health, Hamliton, MT 59840, 
USA. 
R. D. Perry, Department of Mlcrobology and lmmunolo- 
gy, Unverslty of Kentucky, Lexngton, KY 40536-0084, 
USA. 

-70 whom correspondence should be addressed 
E-ma joe-hlnnebusch@nlh gov 

blood into the bite site, thus transmitting 
plague ( 2 ) .  

The events after transmission that lead 
to disease in lnalnrnals are well studied, but 
the molecular and genetic lllechanisms by 
which Y,  pestis colonizes and blocks its in- 
sect host have rarely been addressed (3, 4) .  
A pigmented Y. pestis phenotype, caused by 
the storage of exogenous henlin or of Congo 
red dye in the outer membrane of bacteria 
at 26°C or lower (5), is suited to the hernin- 
rich, ambient temperature environment of 
the flea gut. The hemin storage (hms) locus 
responsible for this phenotype consists of 
hmsF and hmsH, \vhich encode outer mem- 
brane proteins, and hmsR, whose product 
has not been characterized (6). Mutation to 
a nollpignlented phenotype often occurs by 
deletion of a 102-kb chroinosoll~al segment 
termed the p,qn locus that includes hmsHFR 
(7) ,  and it has been reported that a nonpig- 
llle~lted Y. pestis did not survive in fleas (8). 
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To investigate the role of this Y. pestis 
genetic locus in the invertebrate host, we 
infected Oriental rat fleas ( X e n o p s y k  cheo- 
pis) with pigmented (hms+) Y. pestis and 
isogenic nonpigmented (hms-) mutants (9). 
After an infectious blood meal. fleas were 
monitored for 4 weeks for mortality and 
blockage (10) (Fig. 1). Only fleas infected 
with hms+ Y. pestis developed blockage, with 
accompanying high mortality (Table 1). The 
isogenic hms- mutants were completely un- 
able to block fleas and did not increase flea 
mortality during the 4-week observation pe- 
riod. These results indicate that the hms 
locus is required for Y. pestis to cause block- 
age of fleas. Other genes in the 102-kb pgm 
locus besides hmsHFR are not necessary for 
blockage, because Y. pestis strain KIM6, a 
Apgm mutant, regained the ability to block 
fleas when complemented with pHMS1, a 
low copy number recombinant plasmid con- 
taining hmsHFR. An hms polar mutant with 
a single transposon insertion in hmsH (6) 
was also unable to block. 

A possible explanation for the inability of 
hms- Y. pestis to block is that they are rapidly 
eliminated by the flea and never establish 
infection. We therefore compared the fates of 
hms+ and hmr; Y. pestis after ingestion by fleas 
(Fig. 2). By 1 week after the infectious blood 
meal, fleas that ingested either hms+ or hms- 
strains segregated into two groups: those 
cleared of infection and those that contained 
10) to lo6 bacteria. The tendency for some 

Fig. 1. Blocked and unblocked X cheopis fleas 
immediately after a blood meal. (A) Uninfected nor- 
mal male with fresh blood in midgut. (B) Yersinia 
pestis-infected blocked female. The presence of 
fresh blood in the esophagus only (indicated by 
arrowheads) and not in the midgut, which contains 
dark-colored digestion products of previous blood 
meals, is diagnostic of a blocked flea. 

fleas to rid themselves of infection after feed- 
ing on even highly septicemic blood has been 
noted previously ( I ,  11 ). This dichotomy was 
even more pronounced in samples of fleas that 
were maintained for 4 weeks after infection 
(Fig. 2, B and C). Even after heavily infected 
blocked fleas and fleas that died during the 4 
weeks were excluded, 70% of surviving fleas 
originally infected with hmsC Y. pestis strains 

1 hour after infection 
50 

"1 T I week after T 

4 weeks after 

K pestis per flea (n) 

Fig. 2. Frequency distributions of percentages of 
X. cheopis fleas harboring different numbers of 
hms+ (solid bars) or hms- (open bars) Y. pestis at 
successive time intervals after a single infectious 
blood meal. Within an hour after ingesting 'blood 
containing 5 x 1 O8 Y. pestis colony-forming units 
(CFUs) per milliliter (9), 20 female fleas were 
placed at -70°C. The number of Y. pestis CFUs 
per individual flea was later determined by plate 
count (21) to assess the initial infectious dose (A). 
To follow the development of infection, the num- 
ber of Y. pestis per flea was also determined for 
samples of 20 female fleas maintained for 1 week 
(8) and for 4 weeks (C) after the infectious blood 
meal. Included are the results of three experi- 
ments each for fleas infected with Y. pestis hms+ 
strains KIM6+ and KIM6 (pHMS1) and with the 
isogenic hms- mutant strains KIM6 and KIM6+ 
(hmsH::minikan). 

contained lo4 to lo6 viable bacteria. Al- 
though fleas infected with hm- strains never 
developed blockage and were more likely to 
clear the bacteria than were fleas infected 
with hms+ strains, 50% still contained lo3 to 
lo5 hms- Y. pestis 1 week after the infectious 
blood meal, with the same percentage being 
heavily infected after 4 weeks (Fig. 2). Thus, 
the failure of hms- Y. pestis to block fleas 
cannot be attributed to an inability to colo- 
nize the flea's midgut. 

To  better see where bacteria locate and 
develop in the flea gut, we next infected X. 
cheopis with hms+ or hms- Y. pestis express- 

Table 1. Mortality and blockage of X. cheopis 
fleas during a 4-week period after infection with 
hms+ orhms- Y. pestis. Equal numbers of female 
and male fleas were infected artificially, except 
where noted, and were subsequently fed twice 
weekly on mice and monitored for blockage and 
mortality (9, 10). Results of replicate experiments 
are shown. Yersinia pestis strain 195/P was iso- 
lated from a human plague patient in India and is 
fully virulent. The isogenic hms- derivative con- 
tains a small deletion or point mutation in hmsR 
(23). Yersinia pestis strain KIM6+ originated from 
a human in Iran. It lacks the 70-kb Yersinia plas- 
mid that is required for virulence in mammals but 
not for blockage of fleas (7, 22). A spontaneous 
deletion of the 102-kb pgm locus (Apgm) gener- 
ated strain KIM6 (7). Plasmid pHMSl contains 
hmsHFR; complementation of KIM6 with this 
plasmid restores pigmentation. A second isogenic 
nonpigmented mutant of KIM6+ was produced 
by transposon insertion into hmsH (6). Plus signs 
indicate pigmented colonies; minus signs indicate 
colorless colonies. 

Fleas Fleas Flea Fleas 
infected Hms* blocked mortality 

with (%I (%) ("1 

Y. pestis + 50 74 100 
195/Pt 

Y. pestis + 45 72 57 
195/P 50 52 95 

32 42 100 
Y. pestis - 0 8 52 

195/P 0 10 78 
(hmsR-) 0 5 108 

Y. pestis + 24 49 100 
KIM6+ 38 56 100 

34 33 103 
Y. pestis 0 4 104 

KIM6 0 1 104 
( Apgm) 0 7 83 

Y. pestis + 42 41 104 
KIM6 32 42 99 
(Apgm, 37 56 101 
pHMSl) 

Y. pestis - 0 20 102 
KIM6+ 0 5 101 
(hmsH::minikan) 0 23 103 

No bacteria 0 13 99 
0 4 95 
0 20 88 

*Phenotype of Y. pestis strain on Congo red agar 
plates. tReas infected naturally by feeding on a bac- 
teremic mouse. 
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ing the gene encoding green fluorescent 
protein (GFP) ( 12). Visualization required 
removal of the flea's digestive tract, so tem- 
poral development of infection in individ- 
ual fleas could not be directly observed. 
What follows is a composite description 
based on weekly examinations of 5 to 10 
male and female fleas for 8 weeks. 

During the first week of infection, both 
hms+ and h m -  bacteria coalesced into one or 
more aggregates in the midgut that were com- 
pletely contained within dense masses of what 
appeared to be agglutinated, brown-pigment- 
ed, red blood cell remnants. Because of this 
coverine, the bacteria were visible onlv bv -. , , 
fluorescence microscopy. The masses varied 
in size and shape and were either free-floating 
in the flea's midgut or partially anchored in 
the proventricular spines. In keeping with the 
quantitative data (Fig. 2), infection appeared 
to be "all or nothing," with midguts contain- 
ing either large masses or no bacteria. Large 
brown masses in the midgut are virtually pa- 
thomomonic of Y. bestis infection in the flea 
and- were describei in the classic work of 
Bacot and Martin (2) and others (3,  1 1 ). 

After the first week, a fundamental dif- 
ference became apparent between the infec- 
tions produced by the two types of bacteria. 
Whereas hms- mutants remained confined 
to the midgut, hms+ bacteria had spread to 

the proventriculus in many fleas. Eventually 
the proventriculus became packed with 
plague bacilli, which is indicative of a 
blocked flea (Fig. 3). In contrast, hms- bac- 
teria did not colonize the proventriculus. 
Small clusters of h m -  bacteria were occa- 
sionally seen among the proventricular 
spines, but they appeared to be unable to 
persist at that site. One or more large brown 
masses packed with hms- bacteria were, 
however, seen in the midguts of fleas 
throughout the 8-week observation period, 
with no apparent morbidity to the fleas. 

The hms gene products thus explicitly 
enable Y. bestis to colonize the ~roventric- 
ulus. Nonspecific functions such as resis- 
tance to the ~roteolvtic environment of the 
flea's digestive tract or acquisition of nutri- 
tional iron can be ruled out. The proven- 
triculus, unlike the midgut, is lined with 
cuticle, the specialized material that com- 
poses the arthropod exoskeleton. Biogenesis 
and sclerotization of insect cuticle use phe- 
noloxidase-generated cvtotoxic intermedi- " 
ates in pathways that are shared by an arm 
of insect immunitv (13). Cuticularized in- , .  . 
sect epithelium has also been shown to 
secrete antibacterial peptides upon damage 
and exposure to bacteria (14). We com- 
pared the in vitro sensitivity of hms+ and 
hms- Y .  pestis to cuticle sclerotization inter- 

Fig. 3. Fluorescence microscopy of digestive tracts dissected from X cheopis fleas. The proventriculus 
connects the esophagus (E) to the midgut (MG) and is armed with spines that autofluoresce yellow- 
orange because they, like the insect's exoskeleton, are covered with cuticle. (A) Uninfected flea. (B) Flea 
infected 4 weeks previously with hrns- Y. pestis strain KIM6 expressing GFP. (C) Blocked flea infected 
with hrns+ Y. pestis strain KIM6+ expressing GFP. In the midguts of infected fleas, both hrns+ and 
hrns- bacteria were only discernable with the use of fluorescence because they were covered by 
agglutinated red blood cell remnants. Original magnification, X 160. (D) Close-up of proventriculus from 
a blocked flea. The lumen is filled with a bacterial mass, shown here at the base of the hexagonal 
proventricular spines. Original magnification, x 1000. 

mediates and to Cecropin A, but found no 
differences. In addition, both types of bac- 
teria remained viable 1 week after injection 
into the flea hemocoel(15), which suggests 
that the hms genes do not confer increased 
resistance to insect defense mechanisms. 

Rhythmic contractions of the proven- 
triculus as blood is pumped through it dur- 
ing feeding produce a threshing action of 
the hard cuticularized spines that would 
disrupt an occluding mass. A cell surface 
change of Y. pestis that results from expres- 
sion of the hms genes likely serves to defeat 
these forces. hms+ Y .  pestis in vitro are 
extremely aggregative and hydrophobic ( 5 ) ,  
whereas isogenic hms- mutants are hydro- 
philic with no autoaggregation. In certain 
other enterobacteriaceae, hydrophobic au- 
toaggregative growth and Congo red bind- 
ing correlate with expression of thin fimbri- 
ae that mediate adherence to fibronectin 
and other basement membrane proteins 
(16). We detected no differences in adher- 
ence of hms+ or hms- Y .  pestis to the cuticle 
lining of the proventriculus (1 7). Neverthe- 
less, as suggested by Bibikova (18), the co- 
hesive aggregates of wild-type Y. pestis may 
remain enmeshed in a pulsating proven- 
tricular valve. Continued growth of a par- 
tially lodged bacterial mass during quiescent 
periods would lead to further consolidation 
and eventual occlusion of the proventricu- 
lus. Masses of hms- mutants mav fail to 
colonize the proventriculus because, being 
less cohesive, they are disrupted and flushed 
back into the midgut during feeding. 

Our results indicate that Y. bestis trans- 
mission by a principal rat flea vector de- 
pends on the hms genes, because only 
blocked fleas transmit plague efficiently (1 ). 
It is the first genetic locus of an arthropod- 
borne bacterium that has been shown to be 
required for transmission-competent infec- 
tion in the vector. The hms locus does not 
appear to be required in mammals because 
the nonpigmented hmsR- Y .  pestis used in 
this study (Table 1) is virulent for mice 
(19). Whatever their mechanism of action, 
the hms genes effectively change Y.  pestis 
from a harmless commensal in the flea mid- 
gut to one that can block the foregut, lead- 
ing to starvation of the flea that prompts 
persistent, aggressive attempts to feed (1, 
2). This results in transmission of the plague 
bacillus and the eventual death of the flea. 
The hms locus could therefore be described 
as a Y.  bestis virulence factor in the flea. 
From the anthropocentric viewpoint of 
plague epidemiology, however, it may more 
aptly be termed a transmission factor. 
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the root pericycle opposite to the nodule 
primordium (4, 6-8). Expression precedes 
the induction of cortical cell divisions (8), 
which suggests that ENOD40 may play a 
role in changing the response to phytohor-
mones. To test this, we used tobacco as a 
model system. 

To investigate ENOD40 action, we 
transformed tobacco plants (9) with the 
construct 40-2/1-448, representing 448 base 
pairs (bp) of soybean GmENOD40-2 under 
the control of the cauliflower mosaic virus 
(CaMV) 35'S promoter (Fig. 1) (10, 11). 
Thirty percent of transgenic Fj plants had 
one or two adventitious shoots at the base 
of the main shoot, as compared with none 
in untransformed tobacco plants (Fig. 2A). 
This suggests reduced apical dominance, 
raising the possibility that the transgenic 
plants were changed in terms of auxin me-
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The gene ENOD40 is expressed during early stages of legume nodule development. A 
homolog was isolated from tobacco, which, as does ENOD40 from legumes, encodes 
an oligopeptide of about 10 amino acids. In tobacco protoplasts, these peptides change 
the response to auxin at concentrations as low as 10~12 to 10~16 M. The peptides 
encoded by ENOD40 appear to act as plant growth regulators. 


