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Ornamental roses worldwide harbor 10 Phragmidium species. Among these, P. americanum, P. fusiforrne, P. montivagum, 
P. mucronaturn, P. rosae-pimpinellifoliae, P. rosae-rugosae and P. tuberculatum are frequently reported; however, these 
species are morphologically similar and difficult to distinguish. For better circumscription and correct identification of 
the species, this study examined morphological features in urediniospores and teliospores of the seven Phragmidium 
species collected on ornamental rose cultivars and wild species. The results indicated that some host-specific groups 
could be well circumscribed by the morphological properties of urediniospores and teliospores. However, without the 
precise identification of hosts, these morphological properties were not effective key characters for the identification of 
the species. 
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The rust genus Phragmidiurn Link is characterized by 
linearly arranged multicellular teliospores with a persis- 
tent pedicel, the lower half of which is usually thickened 
and hygroscopic (Cummins and Hiratsuka, 1983). Most 
species produce subcuticular spermogonium, caeomatoid 
aecium, uredinium and telium in the autoceious macro- 
cyclic life cycle. Species of the genus are restricted to 
plants of the family Rosaceae, especially the genera 
Rosa, Rubus and Potentilla. Among 60 or more species 
of Phragmidium, some 30 species have been reported to 
infect wild Rosa species and ornamental cultivars. 

Ornamental rose cultivars are selections from more 
than 70 wild species and their hybrids (Beales et al., 
1998). Species of the genus Rosa are classified in sub- 
genera Hulthemia, Hesperhodes and Eurosa; and the 
subgenus Eurosa is further divided into 10 sections. 
Domesticated species and hybrid cultivars are distributed 
in these subgenera and sections, except for Hulthemia. 

Because of the heterogeneity of rose species and cul- 
tivars in their origin and geographic distribution, several 
Phragmidiurn species are involved in the rust diseases of 
ornamental roses. Two or more species are reported to 
occur in any particular area of the world and, overall, 10 
species are considered to be the pathogens: P. america- 
num (Peck) Dietel, P. fusiforrne Schr6ter, P. montivagum 
Arthur, P. rnucronatum (Persoon: Persoon) Schlectendal, 
P. rosae-califomicae Dietel, P. rosae-pimpinellifoliae 
Dietel, P. rosae-rugosae Kasai, P. rosicola (Ellis & 
Everhart) Arthur, P. speciosum (Fries) M. C. Cooke and P. 
tuberculatum J. M. MLiller (Pirone et al., 1960; Howden 
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and Jacobs, 1973; Horst, 1983). 
The causal species of the rose rusts have been vari- 

ously circumscribed and classified by combinations of 
the morphological characteristics of a maximum of four 
spore stages produced in the life cycle (Arthur, 1934; 
Hiratsuka, 1935; G~umann, 1959; Wilson and Hender- 
son, 1966; Azbukina, 1984; Wei, 1988; Hiratsuka et al., 
1992). Although these Phragmidium species are auto- 
ecious and macrocyclic in the life cycle, spermogonial- 
aecial stage is short-lived and quickly replaced by ure- 
dinia in the early growing season. Thus, the rose rust 
species persist in the uredinial or uredinial-telial stage for 
almost the entire growing season, and either uredinia or a 
mixture of uredinia and telia can be found at any part of 
the growing season or on any particular specimen. Be- 
cause of the prevalence of the uredinial-telial stage and 
because of the morphological diversity of teliospores, cir- 
cumscription and identification of the rose rust species 
have relied heavily on morphological characteristics of 
the teliospores with supplementary urediniospore charac- 
teristics. 

Because the morphological circumscription of spe- 
cies does not seem clear and also because a variation 
range of each morphological feature is broad and continu- 
ous, the genus Phragmidium has been among the most 
diff icult taxa in the Uredinales to classify and to identify 
its species, particularly those on Rosa. Among the 10 
species parasitic on ornamental roses, P. americanum, P. 
fusiforme, P. montivagum, P. mucronaturn, P. rosae- 
pirnpinellifoliae, P. rosae-rugosae and P. tuberculatum are 
morphologically similar and widespread in the world. 
Consequently, the identification of the species causing 
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the rust diseases of ornamental roses has often been 
problematic. 

It is of mycological and horticultural importance to 
know exactly how many Phragmidium species are in- 
volved in the rose rusts, what their biological nature is 
and how they can be correctly identified. This study 
aims at examining morphological properties in the uredini- 
al and telial stages to find which properties can be reliable 
key characters for the identification. 

Materials and Methods 

Specimens examined Herbarium specimens examined 
were loaned from the Arthur Herbarium, Purdue Universi- 
ty  (PUR); the Faculty of Agriculture, Hokkaido University 
(SAPA); the Botanical Garden and Museum, Berlin- 
Dahlem (B); the National Fungus Collections, the United 
States Department of Agriculture (BPI); the Herbarium of 
Systematic Mycology, the Faculty of Education, Ibaraki 
University (IBA); the Museum of Natural History, 
Wroclaw University (WRSL); and the Herbarium of the 
University of Tsukuba (TSH). The specimens had been 
identified as P. americanum, P. fusiforme, P. montiva- 
gum, P. mucronatum, P. rosae-pirnpinellifoliae, P. rosae- 
rugosae and P. tuberculatum. To examine both uredinia 
and telia in the same life-cycle, 198 specimens wi th both 
spore stages were selected from more than 600 speci- 
mens (Table 1). Among them, the host species had 
been identified in 119 specimens. The specimens in- 
cluded the type specimens of P. rnontivagum (holotype 
on Rosa acicularis collected by A. Nelson in Wyoming in 
26 July 1895, in Herb. PUR), P. rosae-pimpinellifoliae 
(holotype on R. pimpinellifolia collected by Kemmler at 
Donnstetten no. 1671 in Herb. B) and P. rosae-rugosae 
(one of the syntypes on R. rugosa collected by M. Kasai 
in Sapporo, Japan in 30 October 1908, in Herb. SAPA). 

The ontogenic terminology system refined by 
Hiratsuka (1973) and Cummins and Hiratsuka (1983) 
was employed in identifying and describing life-cycle 
stages of the Phragmidiurn specimens throughout the 
study. 
Microscopy Urediniospores and teliospores were scraped 
from the specimens and mounted in a drop of lactophenol 
solution on a microscopic slide. For each specimen, 50 
spores were randomly chosen and observed under an 
Olympus BH 100 microscope for the selected morpholog- 
ical features listed. Measurements were made with a 
Leica Q-Win Image Analyzer. 

Spore-wall color was determined under an Olympus 
BH 100 microscope with a tungsten lamp wi thout  filter. 
The light intensity was adjusted by controlling the vol- 
tage of the lamp. The color was described according to 
Rayner (1970). 

Number and distribution of germ-pores in uredinio- 
spores were determined by the aniline-blue squash 
method (Jennings et al., 1989). The distribution pattern 
of the pores was categorized according to Cummins and 
Hiratsuka (1983). 

For scanning-electron-microscopy, urediniospores 
and teliospores were dusted on double-adhesive tape on 

a specimen holder and coated with platinum-palladium at 
25nm thickness under a Hitachi E-1030 ion sputter. 
The coated specimens were observed under a Hitachi S- 
4200 operating at 15 kV. The urediniospore-surface 
type was determined according to Cummins and Hiratsuka 
(1983). 
Statistical analyses Statistics including multivariate 
analyses of measured continuous numerical variables 
were performed using the software package Systat TM 

version 5.2 (Wilkinson, 1989) run on a Macintosh Power 
Mac G4. Discrete numerical or qualitative attributes or 
host species were superimposed on two-or three-dimen- 
sional scatter diagrams generated from the analyses to 
detect possible groups. 

Results 

Morphological analyses of 119 specimens with identified 
host plants were essentially the same as those of 198 
specimens, which included those on unidentified host 
plants. Therefore, only results from the analyses of 
host-identified specimens are presented here to facilitate 
discussion of morphological variations in relation to puta- 
tive host specificity. 
Teliospore morphology Shape and size of teliospores 
varied both among specimens and within a specimen 
(Fig. 1A, Table 2). Mean teliospore length in individual 
specimens ranged from 61.6 to 106.7/~m and mean 
width from 26.3 to 37.3 pm. Among these specimens, 
BPI0126320 on R. macdauga/i, PUR-56692 on R. manca 
(Fig. 4A), PUR7836 on R. enge/mannii, PUR 8164 on R. 
ga//ica and PUR7761 on R. suffu/ta bore small spores. 
The spore length ranged from 50.1 to 83.0/~m and the 
width from 21.8 to 34.4/~m in the five specimens. 
PUR44755 on R. nutkana, PUR48167 on R. eastwoodii, 
PUR7847 on R. fend/eri (Fig. 4B), PUR7887 on R. 
macoun/i, PURF1514 on R. tomentosa were among 
medium-spore bearing specimens. The spore length 
ranged from 61.0 to 106.4pm and the width from 26.2 
to 37.1 pm in the five specimens. On the other hand, 
PUR7725 on R. setigera, PURF11650 on R. rugosa, 
SAPA (Tokachi) on R. rugosa, BPI0126648 on R. centi- 
fo/ia and BP10126642 on R. a/ba (Fig. 4C) were among 
large-spore bearing specimens. The spore length ranged 
from 65.0 to 135.6/~m and the width from 29.2 to 
45.0fJm in the five specimens. As shown in Fig. 1A, 
there were many specimens wi th the spores of various 
sizes covering all three groups, and no disjunction was 
detected in the variation range to circumscribe spore-size 
groups among the specimens. 

No correlation was detected between teliospore 
length and width (Fig. 1A, not significant in Spearman's 
rank correlation analysis). Thus, the teliospore length/ 
width ratio also varied both among specimens and 
within a specimen, mean value ranging from 2.0 in 
BPI0126306 on R. arkansana, PURF11649 on R. canina, 
PURF1507 and PURF9504 on R. ga//ica (Fig. 4D) and 
PURF11645 on R. rugosa to 3.3 in PUR 48581 on R. 
acicu/ar/s; 3.4 in BPI0126299 on R. acicu/aris and TSH 
on R. rugosa; 3.5 in IBA0311 on Ft. acicu/aris and 4.0 in 
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Table 1. Phragmidium specimens examined in this study. 

Host Locality Accession number 1) 

Rosa acicularis Lindl. Alaska, U.S.A. BPI 0126284,  PUR F48581 

Colorado, U.S.A. PUR 7925, 7935 

Michigan, U.S.A. IBA 0311 and 1387, PUR 7797 

Montana, U.S.A. BPI 0126338 and 0126270,  PUR 55312, 7746, 7927 and 7930 

Russia BPI 0126299 

Russia SAPA 

Wyoming, U.S.A. PUR 61189, 61191, 7934, 7933, 7923 and 7926 

New Mexico, U.S.A. PUR 61979 

R. aciculata Cockerell Colorado, U.S.A. PUR 7811 

R, alba L. Alaska, U.S.A. PUR 8161 

New York, U.S.A. PUR 8162 

No locality given BPI 0126642 

R. aleutensis CrOp. Alaska U.S.A. PUR 48583 

R. blanda Ait. Wisconsin, U.S.A. PUR 65617 and 7660 

Canada PUR 7657 

R. bourgeaniana CrOp. U.S.A. PUR 44750 

Indiana, U.S.A. PUR 44752 

R. canina L. Germany PUR F1567 and F1561 

Belgium PUR F11649 

Turkey PUR F16657 

R. carolina L. Indiana, U.S.A. PUR 88322 

New York, U.S.A. PUR 7708 

Wisconsin, U.S.A. PUR 44733 

R. centifolia L. No locality given BPI 0126648 

R. cinnamomea L. Germany PUR F1552 

R. damascena Mill. California, U.S.A. PUR 59483 

Iowa, U.S.A. PUR 7705 

R. davurica Pall. China SAPA 

Japan SAPA 

R. eastwoodii  Rydb. California, U.S.A. PUR 48167 

R. engelmannii S. Wats U.S.A. PUR 7836 and 7845 

Wyoming, U.S.A. PUR 7826 

R. fendleriCr~p Colorado, U.S.A. PUR 7847, 7853, and 7860 

New Mexico, U.S.A. PUR 7861 

Wyoming, U.S.A. PUR 7868 

Montana, U.S.A. PUR 7910 

Nevada, U.S.A. PUR 48561 

New Mexico, U.S.A. PUR 48092 and 7908 

Utah, U.S.A. PUR 51058 and 7914 

Wyoming, U.S.A. PUR 63194, 7904 and 7105 

R. gallica L. Argentina PUR F9504 

Ecuador PUR F1507 

Alaska, U.S.A. PUR 8164 

R. gymnocarpa Nutt. Wyoming, U.S.A. BPI 0126317 

Oregon, U.S.A. PUR 7877 and 7878 

R. macdaugali Holz Idaho, U.S.A. PUR 49821 

Montana, U.S.A. BPI 0126320 

R. macounii Greene Columbia, U.S.A. PUR 7887 

Idaho, U.S.A. PUR 7875 

Nevada, U.S.A. PUR 7892 

Utah, U.S.A. PUR 7872 

R. manca Greene Arizona, U.S.A. PUR 56689 and 56692 
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Table 1. (Continued) 

R. marretii Lev. 

R. mirifica Cockerell 

R. nutkana Presl. 

R. pendulina L. 

R. pimpinellifolia L. 

R. pisocarpa G.Gray. 

R. pulverulenta Rydb. 

R. rubiginosa L. 

R. rugosa Thunb. 

R, setigera Michx. 

R, stellata Wooton 

R. suffulta Greene 

R. tomentosa Sin. 
R. virginiana Mill. 

Rosa sp. 

Kushiro, Japan 

New Mexico, U.S.A. 
Alaska, U.S.A. 

Montana, U.S.A. 

Oregon, U.S.A. 

Washington, U,S.A. 

Germany 

Switzerland 
Wyoming, U.S.A. 

Idaho, U.S.A. 

Nevada, U.S.A. 

Nebraska, U.S.A. 

Switzerland 

Hokkaido, Japan 

Ishikari, Japan 

Japan 

Shiribeshi, Japan 

Tokachi, Japan 

Tsukuba, Japan 
Indiana, U.S.A. 

Ohio, U.S.A. 

Tennessee, U.S.A. 

Wisconsin, U.S.A. 

U.S.A. 

Canada 

Montana, U.S.A. 

North Dakota, U.S.A. 

Germany 
Maine, U.S.A. 

New Hampshire, U.S.A. 

Alaska, U.S.A. 

California, U.S.A. 

Colorado, U.S.A. 
District of Columbia, U.S.A. 
Hawaii, U.S.A. 

Kansas, U.S.A. 

Massachusetts, U.S.A. 

Michigan, U.S.A. 

Montana, U.S.A, 
New York, U.S.A. 

New Jersey, U.S.A. 

New Mexico, U.S.A. 

North Dakota, U.S.A. 

Oregon, U.S.A. 

Pennsylvania, U.S.A. 
South Dakota, U.S.A. 

Utah, U.S.A. 

Vermont, U.S.A. 

Washington, U.S,A. 

West Virginia, U.S.A. 

Wisconsin, U.S.A. 
Wyoming, U.S.A. 
Argentina 

SAPA and SAPA 

PUR 51945 and 51814 

PUR 48582, 7770 and 7782 

PUR 44755 

BPI 0126326 

PUR 53448 

PUR F1548 

WRSL 
BPI 0126625 and B 

PUR 7787 

PUR 7916 

PUR 8226 

PUR F1157 

TSH and SAPA 

SAPA and SAPA 

BPI 0126669 

8PI 0126671 

SAPA 
TSH 

PUR 44734, 7731 and 7725 

PUR 44740 

PUR 44735 and 44737 

PUR 53303 
PUR 59705 

PUR 44758 

8PI 0126643 and 0126306 

PUR 7761 and BPI 0126318 
PUR F1514 

PUR 7669 

PUR 44741 

PUR 48491,48497,  7789 and 53449 

PUR 44893, 7975, 8182, and 50718, BPI 0125302 

PUR 52482 
PUR 7703 

8PI 0126634 

PUR 44796 

PUR 49172 and 7696 

PUR 8190, 89295, 51672 and 7796 
BPI 0126293, IBA 1320 and 1363, PUR 7808 

PUR 7697 and 8194 

PUR 8214, 7963 and 7691, BPI 0126291 

PUR 7963 

PUR 7683 and 8173 

PUR 8216 
PUR 61459 
PUR 44744 

PUR 60983 
PUR 8177 

PUR 8198, 50845 

PUR 8208 and 44746 
PUR 7798 and 7684 
PUR 62432 

PUR F9501 
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Table 1. (Continued) 

Rosa sp. 

Bolivia PUR F1526 

Brazil PUR F1524 

Canada PUR 48594, 8215, 59839, 65693, 49165, 7932, and 7702, 

BPI 0126627 
Canary Island PUR F1516 

China PUR F14181 

Chile PUR F1623 

Denmark BPI 0125304 
Ethiopia PUR F16304 

Ecuador PUR F1528 and BPI 0125309 

Germany 8PI 0126632, 0126633 and 0125308; PUR F1521 and F 1484 

Guatemala BPI 0126290, 0126292 and 0126288 

Himalaya PUR F1527 

Italy PUR F9485 

Japan JSH 

Mexico BPI 0125310 and 0125301 

Netherlands PUR F11834 and 11650 
New Zealand BPI 0125306 

Peru PUR F1530 and F1529 
Sweden BPI 0126631 

1) B: The Botanical Garden and Museum Berlin-Dahlem, Germany. 
BPI: The U.S. National Fungus Collection, USA. 
IBA: The Herbarium of Systematic Mycology, Faculty Education, Ibaraki University, Japan. 
WRSL: The Museum of Natural History, Wroclaw University. 
PUR: The Arthur Herbarium, Purdue University, West Lafayette, USA. 
SAPA: The Herbarium Botanical Institute, Faculty of Agriculture, Hokkaido University, Japan. 
TSH: The Mycological Herbarium of the Institute of Agriculture and Forestry, University of Tsukuba, Japan. 

PURF1548 on R. pendulina (Fig. 4E). Between the ex- 
t remes,  a cont inuum of rat ios was  found,  w i th  a median 
value of 3 .0 in BP10126284 on R. acicularis, PUR7877 
on R. gymnocarpa,  PUR7925 on R. acicularis (Fig. 4F) 

and PUR44735 on R. setigera among others. 
The te l iospore leng th /w id th  rat io was  bel ieved to be 

a numerical  indicator  of the te l iospore shape, i.e., small 
values indicate broadly el l ipsoidal shape wh i le  large 

Table 2. Size variation in teliospores from selected Phragmidium specimens on Rosa. 

Specimen Host 
Length (lJm) Width (/Lm) 

Mean Range Mean Range 

BP10126320 

PUR56692 

PUR7836 

PUR8164 
PUR7761 

PUR44755 

PUR48167 

PUR7847 

PUR7887 
PURF1614 
PUR7725 

PURF11650 

SAPA(Tokachi) 
BP10126648 
BP10126642 

R. macdaugafi 70.8 

R. manca 67.6 

R. engelmannii 66.8 

R. gallica 64,3 
R. suffulta 61.6 

R. nutkana 80.9 

R. eastwoodii 82.4 

R, fendleri 79.3 

R. macounfi 75.3 

R. tomentosa 79.2 
R. setigera 106.4 

R. rugosa 87.2 

R. rugosa 101.8 
R. centifolia 91.8 

R. alba 83.9 

51.6-83.0 26.3 

55.2-79.3 26.9 

50.8-80.6 27.6 

50.1-79.4 28.7 
50.1-75.4 29.2 

63.7-103.3 33.5 

64.0-99.0 32.2 

64.4-94.6 32.7 

61.8-92.9 31.8 
61.0-106.4 31.4 

65.0-135.6 33.9 
65.8-103.8 36.9 

79.1-121.5 35.2 
70.8-116.2 36.0 

60.7-106.3 37.3 

23.6-28.8 

23.7-29.8 

24.5-27.7 

24.9-31.8 
21.8-34.4 

29.7-36.6 

28.9-35.5 

25.8-32.7 

28.9-34.6 
26.2-37.1 

29.2-37.9 
33.1-44.0 

29.7-38.9 

32.3-39.3 
32.8-45.0 
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values indicate oblong or oblong-ellipsoidal shape. How- 
ever, the mean ratio value of a specimen did not 
represent the general shape of its teliospores. Within 
individual specimens, the length/width ratio, and thus 
shapes of the spores varied. Among the specimens with 
mean ratios of less than 2.0, the ratio range was 1.5-2.4 
in PURF9504 on R. gallica and in PURF11645 on R, 
canina. Among those with mean ratios of more than 
3.4, the ratio range was 2.4-4.4 in BPI0126299 on R. 
acicularis, 3.0-4.1 in IBA0311 on R. acicularis and 
3.1-5.5 in PURF1548 on R. pendulina. Among those 
with mean ratios wi th a median value of 3.0, the ratios 
ranged 2.4-3.9 in BPI0126284 on R. acicularis, 2.1-3.9 
in PUR7877 on R. gymnocarpa, 2.6-3.6 in PUR7925 on 
R. acicularis and 2.5-3.8 in PUR44735 on R. setigera. 

Teliospore length and cell numbers were not correlat- 
ed (Fig. 1 B, not significant in Spearman's rank correlation 
analysis): teliospores wi th larger numbers of cells were 
not necessary longer than those with fewer numbers of 
cells and vice versa (Table 3, Fig. 1B). IRA0311 on R. 
acicularis (mean cell number of 12 and range of 10-14 
cells; mean spore length of 87.4/zm) (Fig. 4G), 
PURF1548 on R. pendulina (12, 8 -14 cells; 103f~m), 
PUR48581 on R. acicularis (11, 8-13 cells; 90/~m) and 
WRSL on R. pendulina (11, 8-12 cells; 84.8I~m) were 
among the specimens bearing teliospores with the 
largest number of cells. In contrast, PURF1557 on R. 
rugosa (5, 4-7 cells; 73.2/Lm), PURF1507 on R. gallica 
(5, 4 -6  cells; 62.9/~m) (Fig. 4H) and PUR7761 on R. 
suffulta (5, 3-5 cells; 61.6/~m) were the specimens bear- 
ing teliospores with fewest cells. 

Significant disequilibrium in the relationship between 
the cell number and the length of teliospores was ob- 
served in those specimens that bore teliospores with 8 

or 9 cells on average (Fig. 1B, Table 3). PUR7725 on 
R. setigera (9, 6-11 cells; 106.4/~m), SAPA (Tokachi) on 
R. rugosa (8, 6-10 cells; 101.8pm), SAPA (Ishikari) on 
R. rugosa (8, 6-10 cells; 100.8f~m) (Fig. 5A) and 
BPI0126671 on R. rugosa (8, 7-9 cells; 98.5~m) bore 
longer teliospores, being distributed in the middle top in 
Fig. lB. In contrast, PUR48092 on R, fendleri (9, 8 -10  
cells; 70.9 f~m) (Fig. 5B), PUR7878 on R. gymnocarpa (9, 
6 -10 cells, 72.0/~m), PUR7836 on R. engelmannfi (8, 
6 -10 cells; 66.8pm),  PUR7853 on R. fendleri (8, 7-9 
cells; 67.6 pm) and BPI0126625 on R. pimpinellifolia (8, 
6 -10 cells; 69.8 pm) bore shorter teliospores, being dis- 
tributed in the middle bottom in Fig. lB. Between these 
extremes, specimens bearing teliospores with different 
cell numbers and lengths were scattered across the 
entire range of variation. 

In addition to the teliospore length/width ratios, 
degree of attenuation or roundness of the teliospore apex 
and base was considered as an important determinant of 
the general shape of teliospores. The teliospore shape 
was generally cylindrical. However, there were two 
extremes in the attenuation of the teliospore apex, i.e., 
abruptly rounded with the acute apiculus (Fig. 4B) vs. 
continuously attenuate toward the apiculus (Fig. 4G). In 
each specimen, the degree of attenuation in both telio- 
spore ends seemed fairly constant, but it varied greatly 
and continuously among specimens. 

The apical wall of teliospores elongated to form an 
apiculus. Teliospore apiculi were acute, acuminate or 
obtuse, their appearance being determined by the length 
and degree of gradation from the wall of teliospore apical 
cell. The mean length of apiculi varied from 3.9[em 
(with minimum length of 0.8 f~m and maximum length of 
6.6 ~m) in BPI0126669 on R. rugosa (Fig. 5C, Table 4) to 

Table 3. Variation in the cell number and length in teliospores from selected Phragrnidium specimens on 
Rosa. 

Specimen Host 
Cell number Length (pm) 

Mean Range Mean Range 

IBA0311 
PURF1548 
PUR48581 
WRSL 
PUR7725 
SAPA (Tokachi) 
SAPA (Ishikari) 
BPI0126671 
PUR48092 
PUR7878 
PUR7836 
PUR7853 
BPI0126625 
PURF 1557 
PURF 1507 
PUR7761 

R. acicularis 12 10-14 87.4 71.7-104.9 
R. pendulina 12 8-14 103.0 76.7-133.0 
R. acicularis 11 8-13 90.0 72.8-106.4 
R. pendulina 11 8-12 84.8 67.6-101.2 
R. setigera 9 6-11 106.4 65.0-135.6 
R. rugosa 8 6-10 101.8 79.1-121.5 
R. rugosa 8 6-10 100.8 69.5-122.8 
R. rugosa 8 7-9 98.5 83.0-127.4 
R. fendleri 9 8-10 70.9 54.8-83.2 
R. gymnocarpa 9 6-10 72.0 52.1-85.9 
R. engelmannii 8 6-10 66.8 50.8-80.6 
R. fendleri 8 7-9 67.6 60.4-77.5 
R. pimpinellifolia 8 6-10 69.8 56.8-83.5 
R. rugosa 5 4- 7 73.2 56.2-95.5 
R. gallica 5 4-6 62.9 48.4-77.2 
R. suffulta 5 3-5 61.6 50.1-75.4 
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Table 4. Extreme values in the apiculus length in teliospores 
from selected Phragmidium specimens on Rosa. 

Specimen Host Mean (#m) Range (#m) 

PURF1552 R. cinnamomea 15.3 9.2-24.0 
PUR7892 R. pendulina 13.3 7.5-17.6 
IBA0311 R. acicularis 12.8 7.4-17.9 
PURF1557 R. rugosa 12.0 5.7-19.6 
WRSL R. pendutina 11 .O 6.5-17.9 
PUR7669 R. lucida 4.9 2.2-8.3 
PUR7761 R. suffulta 4.7 2.6-7.9 
SAPA (Tokachi) R. rugosa 4.0 2.2-7.4 
BPI0126671 R. rugosa 4.0 0.6-7.7 
PUR44741 R. virginiana 3.9 2.2-7.5 
BPI0126669 R. rugosa 3.9 0.8-6.6 

15.3 pm (with minimum length of 8.3 f~m and maximum 
length of 24.4/~m) in PURF11834 on R. rugosa (Fig. 5D, 
Table 4). Among specimens examined (Fig. 1C, Table 
4), those bearing teliospores with short apiculi included 
PUR44741 on R. virginiana (mean 3.9/~m, range 
2.2-7.5fLm), BPI0126671 on R. rugosa (4.0~m, 
0.6-7.7pm),  SAPA (Tokachi) on R. rugosa (4.0/~m, 
1.8-7.4/~m), and PUR7761 on R. suffulta (4.7/~m, 
2.6-7.9/~m) and PUR7669 on R. lucida (4.9f~m, 
2.2-8.3/~m). In contrast, specimens bearing teliospores 
with long apiculi were PURF1552 on R. cinnamomea 
(15.3f~m, 9.2-24.0~m), PUR7892 on R. macounfi 
(13.3/~m, 7.5-17.5/~m), IBA0311 on R. acicularis 
(12.8/~m, 7.4-17.9 /~m), PURF1557 on R. rugosa 
(12.0pro, 5.7-19.6f~m) and WRSL on R. pendulina 
(11.0 ~m, 6.5-17.9 ~m). 

Teliospore-wall color graded continuously from 
apricot (llg'b), bay (17km), rust (l17'k), sienna (l13b) to 
chestnut (l17'm) among specimens, although the color 
did not vary significantly within individual specimens. 
The wall color was arbitrarily divided into five grades 
(light brown, 1, to blackish brown, 5). However, the 
wall color was not correlated with the wall thickness (Fig. 
1D, not significant in Spearman's rank correlation analy- 
sis) or other teliospore attributes (data not shown). 

Similarly, the teliospore-wall thickness was not cor- 
related with the wall-surface rugosity (faint, 1, to con- 
spicuous, 5) (Fig. 1E, not significant in Spearman's rank 
correlation analysis). Degrees of variation in the wall- 
surface rugosity of teliospores varied continuously even 
within a single specimen, the rugosity ranging from con- 
spicuous (as in PUR7892 on R. macounii, Fig. 5E) to faint 
(as in BPI0126284 on R. acicularis, Fig. 5F). 

Teliospore-pedicel length variation was small within 
individual specimens. However, large and continuous 
variations were observed among specimens. The lower 
half of the pedicel in all specimens was enlarged in both 
wet and dry conditions as observed under LM and SEM, 
respectively. The pedicel enlargement was greater in a 
wet condition due to hygroscopicity than in a dry condi- 
tion. The degree of pedicel bygroscopicity varied greatly 
and continuously among specimens, while it did not vary 

significantly within individual specimens. Length and 
width of the swollen part were not correlated, giving vari- 
ous shapes to the pedicel from subglobose, broadly ellip- 
soid to lanceolate among specimens (Fig. 1F, not sig- 
nificant in Spearman's rank correlation analysis), while 
the shape of the swollen part appeared fairly constant in 
individual specimens. 

The pedicel length was not correlated with the telio- 
spore length among specimens. Similarly, the shapes of 
teliospores and swollen parts of pedicels were not cor- 
related (Fig. 2A, not significant in Spearman's rank corre- 
lation analysis), giving diverse gross morphology of the 
spore-pedicel complex. 
Urediniospore morphology Urediniospores were subglo- 
bose to broadly ellipsoid; and the degree of variation in 
urediniospores, as shown by the length/width ratio, with 
mean values ranging from 1.0 to 1.4 (-1.5) (Fig. 2B), was 
smaller than that of teliospores or enlarged parts of 
pedicels. However, the size of urediniospores varied sig- 
nificantly and continuously among specimens. Speci- 
mens bearing large-sized urediniospores were PUR7746 
on R. acicularis (mean length 24.8 ~m, range 21.2-30.7 
/~m; mean width 21.9pm, range 18.6-27.2/~m), 
BPI0126671 on R. rugosa (23.6/~m, 15.7-28.9/~m; 
19.5 pro, 13.4-24.2/~m), SAPA (Tokachi) on R. rugosa 
(23.4/~m, 18.2-28.3pm; 21.3/~m, 17.0-23.8pm), 
PUR53303 on R. setigera (22.9/~m, 20.4-25.8/~m; 
18.2/~m, 20.4-22.1 /~m) and PUR7933 on R. acicularis 
(22.9pm, 18.8-27.4/~m; 21.4~m, 16.0-24.3/~m). In 
contrast, small urediniospores were observed in 
PUR51508 on R, fendleri (17.5/~m, 15.8-20.2pm; 
16.0/~m, 14.5-17.5/~m), SAPA (Kushiro) on Ro davurica 
(18.0f~m, 15.0-20.4pm; 15.8/~m, 12.8-18.7pm), 
PUR61191 on R. acicularis (18.6~m, 16.2-20.6/~m; 
15.4/~m, 13.4-17.1/~m), PUR65617 on R. blanda 
(18.8~m, 16.2-21.5 /~m; 16.1 /~m, 14.7-18.2pm)and 
BPI0126320 on R. macdougali (18.9 f~m, 14.4-23.0 pro; 
15.6/~m, 12.7-18.8 ~m). Between these extremes, 
medium-sized urediniospores were observed, among 
many others, in BPI0126648 on R. centifolia (21.0/~m, 
17.5-24.5~m; 17.4/~m, 15.4-19.5Fm), PUR7910 on 
R. fendleri(21.2/~m, 19.1-24.1 pm; 17.6pm, 14.7-22.1 
/~m), PUR44750 on R. bourgeaniana (20.7/~m, 17.3- 
23.0/~m; 17.6 f~m, 15.3-20.0/~m), PUR7657 on R. 
blanda (20.4/~m, 17.3-23.4/Lm; 18.0pro, 14.7-20.6 
pro) and IBA1387 on R. acicularis (19.8~m, 16.4- 
23.7 Fm; 18.0/Lm, 11.9-22.1/~m). 

The urediniospore-wall was almost colorless or pale 
yellowish and did not show significant difference both 
within a specimen and among specimens. Similarly, the 
urediniospore-wall thickness was fairly uniform, mean 
values ranging from 1.1 to 2.2 fLm (mostly 1.5-2.0 F~m), 
and thus showed no correlation with the urediniospore 
size and other attributes. 

The urediniospore-wall surface was echinulate in all 
specimens observed. Density of echinae was measured 
and found to be different among specimens, mean values 
ranging from 4.9 (as in PUR55312 on R. acicutaris, Fig. 
5G) to 9.8 (as in PUR59483 on R. damascena, Fig. 5H) 
echinae/10Fm 2. However, the density variation was 
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2. Variations in the teliospore and urediniospore characteristics observed in the Phragmidium specimens. A. Relationship 
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spore mean lengths against urediniospore mean widths. C. Urediniospore mean lengths against mean spine density (echinulae/lO 
ym2). D. Mean spine density (echinulae/10 ym 2) against mean urediniospore-wall thickness. 

cont inuous and was not correlated wi th urediniospore 
size (Fig. 2C, not signif icant in Spearman's rank correla- 
t ion analysis), wal l  thickness (Fig. 2D, not signif icant in 
Spearman's rank correlation analysis) or other uredinio- 
spore characteristics observed (data not shown). 

Germ pores ranged from 5 (rarely 4) to 10 (rarely 11 ) 
wi th  mean values of 6, 7 or 8 depending on specimens. 
Mean germ-pore numbers did not correlate wi th  uredinio- 
spore size or wal l  thickness (data not shown). The pores 
were scattered over the wall.  In certain specimens, the 
wal l  at the germ pores appeared to intrude into the 
urediniospore lumen. However,  this attr ibute was not 
correlated wi th  urediniospore size or wall thickness. 

Uredinial-telial paraphyses were cylindrical to weakly  
clavate, weakly  to strongly incurved. The wall  was 
colorless, ventral ly thin-wal led (1 .0-2 .0  ym) and dorsally 

thick-wal led (1 .5 -6 .6ym) .  The size of paraphyses 
varied from 3 4 . 8 - 7 4 . 9 •  1 2 . 8 - 2 6 . 4 y m  in BPI0126671 
on R. rugosa to 2 3 . 0 - 3 9 . 4 x  7 .9 -14 .9  ym in PUR51814 
on R. mirifica; mean length varied from 53.8 to 30.3 ym 
and mean width from 12.7 to 19.1 ym. 
Principal component  analyses Principal component  
analyses were undertaken wi th various combinat ions of 
numerical variables in urediniospores and tel iospore mor- 
phology. Figure 3A is one of representative results. In 
this analysis, mean values of the fo l lowing variables were 
used: paraphysis length and width,  paraphysis-wall  thick- 
ness, urediniospore length and width,  urediniospore-wal l  
thickness, tel iospore-apiculus length, tel iospore length 
and width,  tel iospore-wal l  thickness, pedicel length and 
width,  and length and width of enlarged pedicel part. 
Af ter  the Var imax rotation, the calculated factors one 
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Fig. 3. Variations in the telial and uredinial characteristics observed in the Phragmidium specimens. A. A result of a principal compo- 
nent analysis. See the text for a detailed explanation. B. Teliospore dimensions observed among possible host-specific groups. 
C. Length/width ratios of teliospores and hygroscopic part of pedicels observed among possible host-specific groups. D. Distribu- 
tion of possible host-specific groups in a scatter diagram generated by a principal component analysis. See text for a detailed ex- 
planation. - - - .  : Phragmidium americanum; -- --: P, fusiforme; : P. montivagum; ..... : P. mucronatum; : P. rosae-rugosae. 

and t w o  explained 70 .4% and 8 .3% of the tota l  vari- 
ance, respect ively.  

The scat ter  d iagram w i th  factor  one as the hor izontal  
axis and the factor  t w o  as the vert ical  axis did not reveal 
discrete groups even after qual i tat ive at t r ibutes,  e.g. ,  
te l iospore-wal l  color or te l iospore-wal l  rugosi ty,  were  
super imposed.  The three-dimensional  scat ter  d iagram 
(not shown)  w i t h  factors one, t w o  and three also did not  
reveal any discrete groups. 

Discuss ion  

The causal species of the rose rusts under discussion 
have been c i rcumscr ibed var iously and classif ied by com- 
binat ions of morpholog ica l  character ist ics of  a max imum 
of four  spore stages, which are produced in a sequence in 
the macrocyc l ic ,  autoecious life cycle. However ,  a ure- 
dinial or tel ial s tage or both stages are f requent ly  encoun- 
tered in most  herbar ium specimens, and thus their  fea- 
tures have been employed as taxonomic  and key charac- 
ters in the Phragmidium classi f icat ion (Dietel, 1905, 
1906; Ar thur ,  1934; Cummins,  1931),  because a sper- 
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Fig. 4. Teliospore morphology observed in the Phragmidiurn specimens. A. PUR56692 on Rosa manca. B. PUR7847 on R. fendleri. 
C. BPI0126642 on R. alba. D. PURF9504 on R. gallica. E. PURF1548 on R. pendulina. F. PUR7925 on R. acicularis. G. 
IBA0311 onR. acicularis. H. PURF1507onR. gallica. Scale bar= 50 f~m. 

mogonial-aecial  stage is produced in a short  period during 
the early g row ing  season. 

Length, w id th ,  degrees of taper ing t oward  both ends 

and apiculus length were  bel ieved to determine gross 
morpho logy  of the tel iospores; and these have been con- 
sidered impor tan t  taxonomic  characters. The length/  
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Fig. 5. Teliospore and urediniospore morphology observed in the Phragrnidium specimens. A. Teliospores from SAPA (Ishikari) on 
Rosa rugosa. B. Teliospores from PUR48092 on R. fendleri. C. Teliospores from BPI0126669 on R. rugosa. D. Teliospores from 
PURl 1834 on R. rugosa. E. Teliospore (SEM) from PUR7892 on R. pendulina. F. Teliospore (SEM) from BPI0126284 on R. 
acicularis. G. Urediniospores (SEM) from PUR55312 on R. acicularis. H. Urediniospores (SEM) from PUR59483 on R. damascena. 
Scale bars: A, B, C, D ~ 5 0 / ~ m ;  E, F = 2 5  f~m; G, H =  10 f~m. 
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width ratio was also considered as important. In addi- 
tion to the gross morphology, cell number, wall color and 
surface rugosity have been used as taxonomic characters 
at the telial stage. Equally important was hygroscopicity 
of lower part of the pedicel. In contrast, only minute- 
ness and density of echinae-verrucae on the wall surface, 
and sometimes wall thickness, have been stressed for 
urediniospores in distinguishing the species. 

Thus, P. mucronatum was characterized by cylindri- 
cal teliospores composed of 5-9 cells and the size of 
6 4 - 9 0 x 2 2 - 3 3 / ~ m  (Arthur, 1934; Cummins, 1931). 
Both ends of the teliospores were described as being 
rounded wi th a prominent apiculus of 7 -13pm long. 
The wall was dark chocolate-brown and coarsely verru- 
cose. The pedicel length was about one and a half times 
the teliospore length, and the lower part of the pedicel 
becomes abruptly swollen to become broadly clavate or 
globose. Among related species, conspicuous hygro- 
scopicity was reported only in this species (Cummins, 
1931). The urediniospores were described as obovate 
or obovate-globoid and 2 0 - 2 6 x  16-19 #m (Arthur, 
1934; Wilson and Henderson, 1966). The wall was 
closely echinulate wi th 8 or more indistinct, scattered 
pores. 

Phragmidium mucronatum Mar. arnericanurn was 
segregated from var. rnucronatum because it possessed 
dark-walled teliospores wi th 8-10 cells (Peck, 1876). 
Var. americanurn was raised to the species rank by Dietel 
(1905). This species has been characterized by long 
teliospores (80-100 ~m) composed of 8-11 cells (Arthur, 
1909) or by long telispores (64-125 f~m) with dark 
chocolate-brown walls and thin-walled, moderately and 
finely verrucose aeciospres (Cummins, 1931 ). 

Narrowly fusoid-cylindrical teliospores (7-13-celled, 
90-110 x 19-30 ~m) were said to be characteristic of P. 
fusiforme (Schr6ter, 1872). The wall was described as 
most finely verrucose among related species (Cummins, 
1931). 

Phragmidium tuberculatum was characterized by 
forming (3-)5(-6)-celled teliospores (54-81 x 27-35 pm) 
with an acute apiculus on a rounded apex (ML~ller, 1886). 
The wall was dark brown and verrucose. The lower half 
of the pedicel was swollen to clavate. Although not 
mentioned in the original description, the urediniospore 
wall at germ pores was stated to be conspicuously 
intruding in the spore lumen (Wilson and Henderson, 
1966). This character of urediniospores was unique to 
this species among related species. 

A fungus on R. pimpinellifolia, which was included 
in the "P. subcorticiurn group", was segregated and 
named as a new species, P. rosae-pirnpinellifoliae (Dietel, 
1906). This species was characterized by teliospores 
(6-8-celled, 6 5 - 8 7 •  wi th a non-opaque, 
chestnut-brown wall. This is only the species having 
a translucent teliospore wall among related species 
(Cummins, 1931). 

On the other hand, P. montivagum was described as 
distinct because it possessed 6-9-celled teliospores of 
64-96 pm in length and 24-29 ~m in width, wi th a coni- 
cal subhyaline papilla (7-10 pm long) and a coarsely and 

moderately verrucose wall (Arthur, 1909). The uredinio- 
spores were stated to be obovate-globoid and 19-23 x 
16-19/~m with a pale yel low and closely verrucose- 
echinulate wall (1-1.5 ~m thick). Arthur (1909) stated 
that this species was distributed only in the Rocky Moun- 
tains and most variable morphologically among the spe- 
cies distributed in North America. 

In comparison with P. rosae-pimpinellifoliae, 
Cummins (1931 ) stated that P. montivagum was similar 
to P. rosae-pimpinellifoliae in the teliospore size, measur- 
ing 64-95 x 24-32 ~m. However, the two species were 
different in the teliospore-cell number (5-7 in P. resae- 
pimpinellifoliae vs. 5-9 in P. montivagum) and the 
teliospore-wall color (dark chocolate-brown in the former 
and chestnut-brown and non-opaque in the latter). 

Phragmidium rosae-rugosae was characterized by 
large cylindrical teliospores (7-11-celled, 7 2 - 1 2 8 x  
28-32~m)  with lighter (yellowish brown) walls than 
those of related species (Kasai, 1910). The lower half of 
the pedicel was described as being only slightly swollen, 
while related species possessed pedicels wi th abruptly or 
gradually and moderately swollen lower parts. 

As briefly described above, each of the seven spe- 
cies under consideration seems to be distinguishable by 
comparing the described characters. Thus, combina- 
tions of a few characters seem to be sufficient to sepa- 
rate these species, i.e., P. americanum by the large telio- 
spores (up to 11-celled, up to 125/~m long), P. fusiforme 
by the fusoid-spindle-shaped teliospores, P. rnucronaturn 
by the abruptly swollen pedicels and the coarsely verru- 
cose teliospore wall, P. rosae-pimpinellifoliae by the non- 
opaque chestnut-brown and finely verrucose teliospore 
wall, P. rosae-rugosae by the yellowish brown teliospore 
wall and the least hygroscopic pedicels and P. tubercula- 
turn by the acute and long apiculi (up to 22 f~m long) and 
the intruding wall at germ pores in the urediniospores. 

However, it appears from the examinations of the 
uredinial and telial features in 119 specimens identified 
as one of the seven species, that no single morphological 
property or combination of properties is sufficient to dis- 
tinguish morphological groups of the specimens that 
seem to correspond with the seven Phragmidium species 
under discussion. For example, mean size (Fig. 1A), cell 
number (Fig. 1 B) and length/width ratio of the teliospores 
and pedicels (Fig. 2A) among others, continuously vary 
among the specimens and are not correlated wi th any 
other morphological features. Similarly, the mean apicu- 
lus length (Fig. 1C) continuously varies among the speci- 
mens. These results show that, using telial and uredinial 
features either singly or in combination, it is very difficult, 
if not impossible, to identify the seven causal species of 
the ornamental rose rusts. 

Nevertheless, the non-discrete distribution patterns 
of uredinial-telial morphological features as described by 
continuous and/or discrete numerical variables do not 
necessarily mean that the specimens examined in the 
study comprise a single morphological taxon rather than 
two or more species. Each of the closely related but dis- 
t inct rust taxa maintains characteristic biological proper- 
ties. The properties of these taxa may or may not be 
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unique or distinct to each taxon. If a descriptor of the 
properties, particularly morphological properties is a con- 
tinuous numerical variable, the properties of the taxa 
thus described are likely to overlap. When these mor- 
phological properties are employed as taxonomic charac- 
ters, which is a common practice in the taxonomy of rust 
and other fungi, the distinction of taxa circumscribed in 
this way is likely to be difficult (see Stuessy (1990) for 
taxonomic characters and related terminology). Thus, it 
is not rare in the rust fungi that are reproductively isolat- 
ed, host-restricted species are morphologically similar or 
even indistinguishable (Ono, 2001; Pfunder et al., 2001; 
Roy et al., 1998). 

To overcome the current difficulties in distinguishing 
the Phragmidium species on ornamental roses, biological 
properties other than those described by a continuous 
numerical variable must be taken into account as taxo- 
nomic characters. One possible property that is current- 
ly available is the putative host specificity of the Phrag- 
midium species. Assuming that the host identification 
and the putative host specificity are correct, certain Rosa 
species of the specimens examined are considered to har- 
bor only one or two rust species. Accordingly, R. blanda 
and R. setigera harbor P. americanum; R. acicularis, R, 
nutkana and R. pendulina harbor P. fusiforme; R. 
acicularis, R. engelmannii, R. fendleri, R. macounii, Ft. 
manca and R. mirifica harbor P. montivagum; R. alba, R. 
blanda and R. gallica harbor P. mucronatum; R. pimpinelli- 
folia harbors P. rosae-pimpinellifoliae; R. canina and R. 
cinnamomea harbor P. tuberculaturn; and R. rugosa har- 
bors P, rosae-rugosae. When these host species are 
plotted over the specimen scatter diagrams, host-specific 
morphological groups seem to be detected in the scatter 
diagrams of some teliospore-feature combinations, even 
though the ranges of groups overlap. In the scatter dia- 
gram with the teliospore cell number as a horizontal axis 
and the mean teliospore length as a vertical axis, the 
specimens that seem to correspond to P, mucronatum, P. 
montivagum and P. fusiforme are separated (Fig. 3B). 
However, those that seem to correspond to P, america- 
hum and P. rosae-rugosae are not separated well and lo- 
cate between those of P. mucronatum and P. fusiforme. 
The specimens that seem to correspond to P. rosae- 
pimpinellifoliae and P. tuberculatum are scattered over 
the range of P. mucronatum, P. montivagum and P. 
fusiforme. 

In the scatter diagram with the length/width ratio of 
the enlargement in the pedicels as a horizontal axis and 
the teliospore length/width ratio as a vertical axis, five 
host-specific groups which seem to correspond to P. 
fusiforme, P. montivagum and P. rosae-rugosae are de- 
tected (Fig. 3C), while the distribution range of those 
specimens that seem to correspond to P. americanum 
and P. mucronatum overlap the specimens of P. fusi- 
forme, P. montivagum and P. rosae-rugosae. The speci- 
mens that seem to correspond to P. rosae-pimpinellifoliae 
and P. tuberculatum are again enclosed in the range of 
both P, montivagum and P. mucronaturn. 

Similarly, in the scatter diagram generated from a 
principal component analysis, five host-specific groups, 

which are considered to correspond to P. americanum, P. 
fusiforme, P. montivagum, P. mucronatum and P. rosae- 
rugosae, appear to be morphologically circumscribed 
even though their distribution ranges overlap (Fig. 3D). 
Specimens that seem to correspond to P. rosae- 
pimpinellifoliae and P. tuberculatum are scattered over 
the whole range. 

In contrast to the teliospore features, no host- 
specific groups are detected by urediniospore features, 
except for the wall-thickening over the urediniospore 
germ-pores, which seems to be characteristic of P. tuber- 
culatum. Minuteness and density of verrucae-echinae in 
the urediniospores have been considered to be key 
characters in the taxonomy of the seven Phragmidium 
species. However, the urediniospore-surface ornamen- 
tation is exclusively echinulate and the density of echinae 
does not separate the host-specific groups. 

Our results indicate that host-specific groups of the 
specimens that are considered to correspond to P. 
americanum, P. fusiforme, P. montivagum, P, mucrona- 
turn and P. rosae-rugosae can be circumscribed well by 
size, shape, cell number of teliospores, size and shape of 
pedicels and wall-thickening over urediniospore germ- 
pores. However, these morphological properties are 
considered not to be suitable as taxonomic characters for 
species identification. In order to find mutually exclu- 
sive morphological groups that correspond to the well- 
established species, further detailed analyses of the 
uredinial-telial properties together with the spermogonial- 
aecial properties of the Phragrnidium species are now 
being undertaken. 
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